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ABSTRACT 
 
APPLICATION OF SURFACE CHEMISTRY AT THE INTERFACE OF 
MESOPOROUS TiO2 FILMS FOR STABLE AND HIGH EFFICIENCY 
DYE-SENSITIZED SOLAR CELLS 
 
Tulashi Luitel 
July 27, 2015 
Solar energy is widely believed to be the most promising renewable energy source 
to fulfill the ever-increasing energy demand from human society now and into the future. 
Dye-sensitized solar cells (DSSCs) have been explored as a potentially low-cost alternative 
to silicon solar cell technology due to their lower fabrication costs compared to crystalline 
semiconductor photovoltaics. However, the optimized efficiency for DSSCs has not been 
achieved yet, and the chemical stability between dye and semiconductor has also not been 
addressed completely. In this research, we applied the following four main strategies to 
prepare photoanodes used in DSSCs with the aim of improving stability and efficiency: 1) 
utilizing surface chemistry to modify the porous semiconductor films, 2) linking covalently 
[Di-tetrabutylammoniumcis-bis (isothiocyanato) bis (2, 2’-bipyridyl-4, 4’dicarboxy-lato) 
ruthenium (II), N719] dye on the surface of semiconductor films, and study the charge 
injection dynamics by ultrafast transient absorption spectroscopy,  3) doping the 
semiconductor films with micro-sized neodymium oxide (Nd2O3) particles, and (4) 
incorporating metal nanoparticles through molecular linkers to the semiconductor films. The 
objectives of this work are to address the limitations of chemical stability existing between 
TiO2/N719 dye systems, to explore the charge dynamics in TiO2/N719 system for a better 
viii 
 
understanding of the fundamental mechanisms of DSSCs, and to prepare high efficiency 
DSSCs. 
We for the first time created a strong covalent amide bond between TiO2 mesoporous 
films and N719 by chemically modifying TiO2 with 3-aminopropyltrimethoxysilane.  The 
results show the dye is air stable for more than 60 days and more resistant to UV light, 
thermal stress, acid, and water when compared to traditional PAs. The experiments led to 
another unexpected result, which was the dramatic preservation of the SCN ligand of N719 
on the TiO2 surface. In most cases, there is a loss of the ligand which causes the instability 
of N719 on TiO2. This is clearly observed in the ATR-FTIR data, where the CN stretch of 
the SCN ligand remained present for covalently-linked dye for more than 6 months, while 
the CN stretch disappeared completely after 17-20 days from the surface of directly adsorbed 
N719 on TiO2.  Similar results showing no degradation of the CN stretch in the ATR-FTIR 
data were obtained when TiO2 was chemically modified with an aromatic linker, p-
aminophenyltrimethoxysilane (APhS), and covalently-linked with N719. The efficiency of 
these devices was low initially. When the charge injection dynamic at the interface of dye 
and TiO2 was investigated by ultrafast transient absorption spectroscopy for covalently- 
linked dye, the injection rate was slower than that of traditionally-linked dye, which occurs 
because the linkers (APTES or APhS) increase the distance between the dye and TiO2 
surfaces. However, a large amount of dye injecting very slowly was observed in the case of 
covalently-linked dye, which results in a higher baseline in the time region of ps. The larger 
baseline base clearly suggests that there were multilayers of dye on the covalently-linked 
dye. When these multilayers of dye were removed by dipping in acid (or water), the 
efficiency of the device went back to values similar to traditional photoanodes, but with an 
ix 
 
improved fill factor. This is an important advance in DSSC technology, allowing us to 
prepare more stable devices while maintaining the same efficiency.   
  To study the effect of plasmonic Au NPs on the surface of mesoporous TiO2, we 
synthesized 4 nm diameter Au nanoparticles (NPs) and electrostatically attached them to the 
mesoporous TiO2 film through APTES prior to sensitization with N719 dye. Results showed 
an overall improvement of all photoelectrochemical parameters (PEC): short-circuit current 
density (Jsc), open circuit voltage (Voc), fill factor (FF), and percentage efficiency (%η). 
Injection dynamics performed by UTAS clearly showed the lowest baseline in the optical 
density and time plot suggesting that Au facilitates the monolayer dye coverage with an 
increased amount of adsorbed dye and assists all dye molecules to contribute to the injection 
dynamics. This is in agreement with the results that both Jsc and Voc were increased in these 
Au NP-modified photoanodes, leading to overall better PEC performance than conventional 
photoanodes. 
 We fabricated TiO2-Nd2O3 nano-micro (20 nm TiO2, 400 µm Nd2O3) composite 
films to make PAs for DSSCs. This unique combination showed a 10-30% improvement 
compared to traditional TiO2 films only. The Nd-doping led to a high dye-loading capacity 
on the photoanodes that helped to increase the short circuit current and efficiency of the 
devices. Electrochemical impedance spectroscopy revealed that the impedance for charge 
transport through the composite anode is substantially reduced compared to TiO2 alone. This 
decrease in resistance is possibly due to the filling of trap states in TiO2 by the Nd2O3 f-
states. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Global Energy Demand Scenario 
The present global population has reached over 7.2 billion and the total population 
on earth will exceed 9.6 billion by 2050.1 The total energy consumption by human society 
was 13 TW in 2005.  The annual growth of energy consumption by human society is 
currently 1.5%. Considering the present status of population growth and energy 
consumption, the global demand is expected to double (~ 30 TW) by 2050 and quadruple (~ 
56 TW) by the end of the century.2 Economically strong countries like China, India, and 
Brazil are producing more energy-hungry populations than other countries, and they have 
already started making additional power plants every week to satisfy the energy needed for 
such huge populations in the future.3 
 
1.2 Available Energy Resources 
There are two types of energy resources available for humans to use: non-renewable 
and renewable. Almost 93% of the total energy demand, which has exponentially increased 
after the industrial revolution, comes from non-renewable energy resources such as fossil 
fuels (oil), natural gas, coal, and nuclear energy.  Only a tiny fraction (7%) of total energy  
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demand is supplied by renewable energy sources such as solar, wind, bio-fuels, hydropower, 
geothermal, and ocean energy.2,4  The current estimation of global reserves for fossil fuels, 
natural gas, and coal suggest that fossil fuel has the potential to provide continuous energy 
for up to 54 years, natural gas up to 63 years, and coal up to 107 years.5,6  There is still room 
for continuing production of liquid fuels like fossil fuel from coal even after the complete 
consumption of fossil fuels. Nevertheless, carbon-free energy resources are crucial for 
sustainable development of the global society without degradation of the environment.  
Table 1.1 shows the various forms of renewable energy and their availability.2 
The sun is delivering 1.2 X 105 TW of solar energy annually to the earth. Due to the physical 
structure of the earth and the availability of sun light during the day, only 0.5% (~ 600 TW) 
can be extracted practically for electrical energy conversion. Even 10 % of this 600 TW , 
which is 60 TW, is clearly enough to produce the energy necessary for future generations.7,8 
Currently, silicon crystalline solar cells represent 90% of the market share in the renewable 
energy sector. However, their production cost is still not suitable for mass production to be 
usable for everyone and everywhere.9 There is a clear necessity for an eco-friendly solar 
cell, which is cheap, easily available, and applicable anywhere to keep the world free of 
carbon emissions.  
Table 1.1.  Renewable energy sources and their availability. 
 
0-1 
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The theoretical photovoltage that can be obtained from a dye-sensitized solar cell is 
around 1.1 eV for the most common TiO2 system.
10 With a possible maximum fill factor of 
0.85 and theoretical solar spectrum usable up to 940 nm, a dye-sensitized solar can have the 
capacity to produce a power conversion efficiency (PCE) above 20%.11 In a short span of 
time, dye-sensitized solar cell technology has shown a sharp increase in device efficiency 
from 0.5 to 13.2%; and based on its technology, perovskite solar cells are offering efficiency 
above 20%, although they have the serious issues of toxicity and long-term stability.12 Even 
after a century of research, silicon solar cells are still struggling to produce energy at a 
reasonable cost. 20% efficient solar cells with a life time of 20 years, which can offer energy 
with a price similar to fossil fuels, can revolutionize the energy sector in filling the huge gap 
existing between energy demand and renewable energy production for sustainable 
development of human society globally. Dye-sensitized solar cells can be a potential 
candidate because of their capacity to produce high efficiency at low fabrication cost. 
  
1.3 Dye-sensitized Solar Cells 
 
1.3.1 General Set–up and Electrochemistry 
A dye-sensitized solar cell (DSSC) is an electrochemical photovoltaic cell that 
mimics the principle of photosynthesis. Like chlorophyll in green plants and algae, the 
DSSC uses a molecular absorber, the dye, which may be an organic or organometallic 
chromophore to harvest sunlight and generate electricity. Figure 1.1 shows a typical dye-
sensitized solar cell which can act as a battery upon illumination. The dye (red) absorbs 
light, leading to a higher energy excited electron. The excited electron can be injected into 
the conduction band of the film of TiO2 nanoparticles (NPs). The electron diffuses through 
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the TiO2 film to the transparent conductive substrate, fluorine doped tin-oxide (FTO), and 
is available for external work. The electron can also recombine with dye or directly reduce 
I3¯ in the electrolyte, which are both undesirable and reduce efficiency.  
The detailed process is as follows: A typical DSSC consists of three components: a 
photoanode (PA), a redox electrolyte (usually iodide/triiodide, Iˉ/I3ˉ), and a counter 
electrode (CE, Pt coated FTO). When sunlight is absorbed by the dye, electrons are excited 
from the HOMO to the LUMO energy levels in the dye. Because of proximity to the 
conduction band (CB) of TiO2 with the LUMO of the dye, ultrafast electron transfer (< 30 
fs) occurs from the dye LUMO to the TiO2 CB. These injected electrons flow through the 
external circuit, after diffusing through mesoporous TiO2 NPs and reduce I3
͞   to 3I͞ at the 
 
Figure 1.1.  A typical dye-sensitized solar cell (A) and path of electrons at the molecular 
level (B). Two electrons are involved in the I¯/I3¯ electrolyte system. 
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counter electrode (CE). The reaction path is shown in Figure 1.1 and Figure 1.2. 3I͞   ions 
diffuse through the electrolyte to reach the oxidized dye molecules and reduce them back to 
the neutral ground state. This process repeats, and is self-sustained for the conversion of 
solar energy into electrical energy without any net chemical or physical changes. The 
maximum efficiency reported for such cells is around 11 – 12.3 %.13,14 
The sequence of electron-transfer events in a DSSC can be summarized as follows.15 
When light strikes on the dye molecules, electronically excited S* dye are created, called 
photoexcitation: 
   2S + hv                  2S*                                        (Photoexcitation). 
The molecules in the excited state can decay back to the ground state by emission or undergo 
oxidative quenching, injecting electrons into the conduction band of TiO2. We want the latter 
to occur as follows. 
  2S* + TiO2 (cb)                     2S
+ + TiO2 (2e¯ cb)    (Photoinjection < 30 fs).    
 
 
Figure 1.2.  Basic operation of a DSSC with energy level diagram and temporal 
phenomena. 
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 The injected electrons travel through the mesoporous network of TiO2 particles to reach the 
FTO collector electrode and flow into the external circuit. The electrons reach the counter-
electrode through the external circuit and reduce the triiodide (I3ˉ) in the solution. 
                I 3¯ + 2e¯                         3I¯                 (Electrochemical reduction of I3¯ at CE).           
The oxidized dye is then chemically reduced by I¯ in the electrolyte, which is known as 
regeneration: 
  2S+ + 3I¯  2S + I3¯        (Regeneration of oxidized dye, ~ 0.5 µs)  
These processes repeat to convert sunlight into electrical energy. There are several 
competing undesirable pathways the electrons can take after excitation from the light.   
First, the electron can simple go back to the ground state of the dye, leading the light 
emission as follows. 
                        S*                           S + hv     (Emission) 
There is also the possibility that after excitation and injection into TiO2, the electrons can 
recombine with dye or directly reduce I3¯ in the electrolyte as follows instead of going 
through the external circuit. 
  2S+ + 2e¯ (TiO2, cb)     2S      (Recombination, 15 µs) 
  I3¯ + 2e¯ (TiO2, cb)    3I¯   (Recombination, 20 ms) 
The other possible process is the transport of electrons from the back contact (FTO) to the 
electrolyte, which also degrades the performance of the device.  
  I3¯ + 2e¯ (FTO)    3I¯   (Recombination) 
The overall effect of irradiation with sunlight is to drive the electrons through the external 
circuit and reduce I3¯ at the CE thus converting sunlight into electricity without any net 
7 
 
chemical and physical changes. Any other electron transfer process lowers the solar cell 
efficiency. 
Dye-sensitized solar technology evolved from the technology of photographic 
sensitization from metal halide, when Becquerel first observed electricity in two platinum 
electrodes by dipping them in silver halide solution and exposing to sunlight.16 Moser 
reported that higher currents were produced in silver halide plates when put into a solution 
containing erythrosine dye.17 In 1873 Vogel accidentally discovered that contamination of 
a silver halide photographic emulsion by a green dye made the film much more sensitive to 
red light.18  Later, Abney succeeded in producing electrical energy using the entire optical 
solar spectrum.18 A century later, after the discovery of water splitting by Honda using a 
wide band gap semiconductor (TiO2),  scientists started to use the sensitization of 
semiconductors to convert solar energy into electricity.19 However, the efficiency was very 
low (˂ 0.5 %) with poor long-term stability. The planer bulk surfaces of TiO2 had very low 
dye-loading with weak interactions, leading to the low efficiency and weak stability. In 1976 
Tsubomura published a paper in Nature reporting a DSSC with an efficiency of about 1.5 % 
using highly porous multi-crystalline ZnO powder,   I−/I3
− was the redox shuttle and rose 
Bengal was the dye molecule used to sensitize ZnO.20 Fifteen years later, a major 
breakthrough in DSSC technology was realized when O’Regan and Grätzel published a 
seminal paper showing a large improvement in efficiency (˃ 7.00 %) by changing to a TiO2 
nanoparticle film platform instead of planar TiO2 and used a Ru-based organometallic dye 
with the same I−/I3
− redox shuttle electrolyte.  To acknowledge this major  contribution, 
DSSCs are now also called Grätzel cells.21 
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1.3.2 Fluorine Doped Tin-oxide Substrate and Mesoporous TiO2 Semiconductor 
Fluorine doped tin-oxide glass substrates (FTO) are used worldwide due to their low 
sheet resistance (8-10 Ω/cm2), stability towards humidity, and high temperature stability (> 
500 oC). Indium tin-oxide and polymer based conductive plastics showed weak thermal 
stability.22  In low temperature process DSSCs, a polymer substrate can be used as a flexible 
substrate, but the efficiency is usually very low. Several wide-bandgap oxide 
semiconductors have been used as photoanodes, such as ZnO, SnO2, SrO3, and Nb2O5.
23 
TiO2 is so far the most desirable for use in DSSCs due to its chemical stability, strong 
electronic coupling with dye, good optical transmittance in the visible region, resistance to 
ambient contaminants, abundance in nature, and low cost. Figure 1.3 shows the molecular 
orbital diagram and band gap of TiO2.  
 
1.3.3 Dye 
Dye is a key component of a DSSC that can harvest solar light and help convert it 
into electrical energy. The dye/semiconductor offers three main advantages over pn junction 
 
Figure 1.3.   Molecular orbital diagram of TiO2. 
 
9 
 
diode solar cells.22 First, light harvesting can bring charge separation in the DSSC and the 
separated charges are transported through a semiconductor that hosts the dye. In pn junction 
solar cells, both processes, charge separation and charge transport, occur in the same 
medium. Second, there is no electric field setup in a DSSC (transport of charge 
spontaneously occurs through diffusion), whereas in pn junction solar cells, a built-in 
electric field is necessary for charge separation and transport. Third, since separated charges 
in a DSSC move in different media, a temporal phenomenon can exist that controls the 
charge recombination and regeneration. Excited electrons from a dye choose TiO2 for 
transportation to the external circuit, and holes choose electrolyte for regeneration of dye. 
This makes loss of charge generation due to recombination less sensitive to the purity of the 
substance. However, in a pn junction solar cell where minority and majority charges co-
exist, even a trace of impurities in the junction can affect the charge transport phenomena. 
Therefore, high purity substances are absolute requirement to make pn junction solar cells.24 
This is one of the reasons why DSSC technology has the potential to trim down the cost of 
fabrication in solar cell technology.  
A dye used in DSSC technology should have the following properties.  It should 
have a wide panchromatic capacity to harvest light to produce a large current, high molar 
extinction coefficient to excite as many electrons as possible, molecular orbitals that match 
well with the host material conduction band for efficient charge injection, good chemical 
properties to make a stable monolayer on the host material, and a low HOMO energy level 
that can be regenerated with electrolyte and produce a large driving force for electron flow 
through the external circuit.8 Inorganic and organic dyes have been developed for increasing 
panchromatic capacity. Organic dyes have large absorption coefficients due to 
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intramolecular π−π* transitions.25 In addition, organic dyes have a wide variety of structures 
which can provide greater flexibility to modify structures to increase the absorption 
coefficients. However, the performance of DSSCs based on organic dyes have not yet 
exceeded those based on inorganic dyes. The other main drawback of organic dyes is their 
low-term stability.26 Inorganic dyes, mainly Ru based metal complexes, have shown the best 
photovoltaic properties including a high panchromatic capacity, suitable excited and ground 
state energy levels, relatively long excited-state life-time, and good electrochemical 
stability.27 Among Ru based dyes, N3 and N719 are considered as reference dyes for DSSCs.  
N719 has greater chemical stability than that of N3. Porphyrin dyes also produce high 
efficiency DSSCs (12-13%), but the stability of those dyes is lower than Ru dyes.14 Figure 
1.4 shows some of the current dyes used in DSSC technology. Figure 1.5 shows how metal 
to ligand charge transfer (MLCT) is possible in the N719 dye. In this research, N719 dye 
was used to make various photoanodes to study the stability and efficiency of our DSSC 
devices.  
 
 
                           Zin porphyrin green dye                                                         N719 dye 
Figure 1.4.   Some common dyes used in DSSCSs. A detail list can be found in reference 8. 
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1.3.4 Electrolyte 
An electrolyte can transport holes in a DSSC to regenerate the dye. Redox couples as an 
electrolyte used in DSSCs have been copper complexes, pseudohalogen redox couples 
(SeCN¯/(SeCN)3
¯, (SCN¯/SCN)3
¯), Br¯/Br3,
¯ Cobalt (II, III), and ferrocene-based electrolyte 
(Fc/Fc+).22 Cobalt based electrolytes and porphyrin dyes gave 13.2% efficient DSSCs. To 
date, the best electrolyte is the organic solvent-based liquid containing I¯/I3¯ as a redox 
couple for the N719/TiO2 combination. In this research, I¯/I3¯ electrolyte was used to make 
our DSSC devices.  A K+/SCN¯ electrolyte was used to study charge transport dynamics in 
various electrodes without dye. 
 
1.3.5 Counter Electrode 
Platinum has been used as a counter electrode material in addition to carbon28 
(carbon powder and carbon nanotube), cobalt sulfide and conductive polymers.  An FTO 
electrode coated with Pt NPs showed weak long-term stability due to degradation of Pt NPs 
and diffusion into the TiO2 photoanode, however CoS
26 has been identified as a suitable 
catalyst for the iodide/triiodide redox couple, appropriate for flexible substrates, and eco-
 
Figure 1.5.   Molecular sketch of N719 and metal to ligand charge transfer (MLCT) mechanism. 
Real molecular sketch is on the left. 
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friendly in comparison to Pt coated FTO, but the stability of the CoS has not been well 
studied yet.29 In this study, Pt coated FTO was used as a counter electrode in all cases. 
 
1.4 Photoelectrochemical Parameters  
 After construction of a solar cell, it is necessary to measure the photoelectrochemical 
(PEC) parameters to characterize the cell performance. The following sections define the 
different PEC parameters, including short-circuit photocurrent density (Jsc), open circuit 
photovoltage (Voc), fill factor (FF), and efficiency in percentage (η %), also called power 
conversion efficiency (PCE). 
 
1.4.1 Photocurrent Density 
The total current produced by a solar cell per photoanode area upon illumination is 
called the photocurrent density. In the case of DSSCs, the photocurrent density is governed 
by the total charge injection from dye to TiO2 and dark current of the devices. A photocurrent 
in a device can be expressed as: 
where Jinj is the  total current due to the injected  of electrons from dye to TiO2 and Jdark is 
the opposite current developed in a device by the recapture of electrons by electrolyte and 
dye.30 The recapture occurs by two processes, interaction with sensitizer (Jint) and 
recombination of TiO2 electrons (Jrec). Short-circuit current density (Jsc) is the total 
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photocurrent produced by a solar cell of illuminated area of 1 cm2 under sun light at a bias 
of 0 V. 
 
1.4.2 Photovoltage 
Photovoltage is the driving force that exists between the quasi-Fermi level (qEF) of 
the semiconductor and the Nernst potential of the redox electrolyte. The maximum voltage 
produced from a device at open circuit, where the current is zero, is called the open-circuit 
voltage (Voc).  
 
1.4.3 Fill Factor 
 FF is defined as the ratio of the maximum electrical power (Pmax) that can be drawn 
from the device to the product of Jsc and Voc. Pmax is a point in a J-V curve where the product 
of photocurrent (J) and photovoltage (V) is maximum. Mathematically, FF can be expressed 
as shown below, 
where Jmax,  Vmax are  the values of J and V at the point in the J-V curve where their product 
becomes maximum, and PT is the theoretical power of  a device. The FF determines the 
quality of a device. Theoretically, a maximum of 85% or 0.85 FF can be obtained from a 
DSSC, and 0.75 is typical for the TiO2/N719 dye system.
10  
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1.4.4 Efficiency 
 The efficiency of a solar cell device is defined as the ratio of the maximum power 
drawn from the device to the incident power of 1 sun (100 mW/cm2, solar intensity) 
illuminated on it. It can be expressed as  
where Jmax and Vmax are the values where product of J x V is maximum in a device, and Pin 
is the incident solar light of 1 sun. In terms of FF, the efficiency can be expressed as:  
Although the maximum projected efficiency for DSSCs is > 20%, a maximum efficiency of 
13.2%14  has been reported for a porphyrin dye. For TiO2/N719 dye, an efficiency of 
11.04%31 has been reported. Based on these facts, it can be said that the efficiency of a DSSC 
can still be improved. Figure 1.6A shows a solar battery that can produce a current upon 
illumination with sun light. Figure 1.6B describes an I-V curve produced by a solar cell. In 
general, the current produced by a solar device per square area (J) is plotted against the 
voltage applied to the device in opposite direction. When the applied voltage is zero, the 
total current will be due to the solar light only, and is denoted by a short circuit current (Jsc). 
This is the maximum possible current that a solar device can produce per unit area. When 
the applied voltage is equal to a device potential, photocurrent stops flowing and the voltage 
developed in the device is known as open circuit voltage (Voc). Voc is the maximum possible 
voltage that a solar device can produce. A product of Jsc and Voc is the total power developed 
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in a solar cell due to sun light, and it is the theoretical maximum power (PT) that a solar cell 
possesses. However, there is always a loss in power because of internal resistance due to 
electrical contact. A maximum power that a solar device can produce for external work is 
known as Pmax or Pout and is equal to the product of maximum current (Jmax) and maximum 
voltage (Vmax). Total solar light intensity falling on an active area of a solar device is input 
energy, Pin in mW/cm
2. Solar intensity falling on the earth varies from place to place, 
morning to evening, and throughout a year. In addition, earth’s atmosphere absorbs solar 
radiation. Considering all these factors, a standard of solar intensity is calculated for 
measuring an efficiency of a solar cell, which is the average amount of solar intensity arrived 
on the sea surface per unit area after traveling the mass of air equal to 1.5 times the mass of 
air measured directly overhead. The value 1.5 A.M. solar intensity is 100 mW/cm2 and is 
also known as 1 sun.  Efficiency in percentage of a device is calculated by multiplying a 
 
         Figure 1.6A                                                                 Figure 1.6B 
Figure 1.6 A solar cell battery (A), J-V curve produced by a device at operating condition (B). 
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ratio of Pmax and Pin by 100.  When Jmax  is   expressed in mA, Vmax in V, and one sun in mW, 
efficiency% of a device will be simply Pmax.     
1.5 Motivation of the Study 
The current state of technology, which is being enjoyed by human society, is not 
possible without the consumption of easily available energy resources such as fossil fuels, 
hydroelectricity, and chemical energy from batteries. A huge demand and consumption of 
energy occurred after the industrial revolution. This not only led to the 1972 energy crisis, 
but also severe environmental issues, such as global warming, resulting from the large 
production of greenhouse gases as  the  products of  fossil fuels.  As a result, eco-friendly 
renewable energy resources are needed as a practical solution to address the future energy 
needs and environmental concerns. Among the many forms of renewable energy, the most 
practical solution is solar energy. Robust silicon solar technology is still not feasible mainly 
because of its high cost of fabrication. Dye-sensitized solar cell technology has emerged as 
a robust technology with the potential to replace silicon technology due to its low fabrication 
cost, ability to work in diffuse light, and its ability to produce flexible devices that can be 
applicable everywhere. However, it has several challenges that have still not been addressed 
completely. The main challenges are optimization of efficiency to beyond 20% for 
commercialization, production of chemically stable photoanodes for up to 20 years, and the 
more complete understanding of charge transfer dynamics within DSSCs, especially at the 
dye/semiconductor interfaces. The motivation of this work was to focus on the 
dye/semiconductor interface in order to solve these challenges. Specially, we applied surface 
chemistry to functionalize the semiconductor surface for the production of more stable 
devices and create materials with improved efficiency. We addressed the limitations of 
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chemical stability existing between the TiO2/N719 dye system by preparing more stable 
structures through covalent attachment of dye to the semiconductor surface. We provided a 
strong attachment of dye on the semiconductor surface and studied the charge transfer 
dynamics using ultrafast laser technology. We also incorporated Nd2O3 into the TiO2 films, 
which resulted in enhanced efficiency. Finally, we improved the efficiency of DSSCs by 
chemical attachment of plasmonic nanostructures to the photoanodes.     
 
1.6 Outline of the Dissertation 
    Chapter 2 of this dissertation discusses the methodological approaches for 
preparing high efficiency DSSC devices. A new approach for sealing devices using a 
thermal press along with a full discussion of the measuring system will be discussed in 
Chapter 2. Chapter 3 describes how to prepare stable devices while maintaining high 
efficiency by covalent modification of N719 dye to the photoanodes. An amide bond created 
between N719 and chemically modified TiO2 with APTES led to more stable dye. Possible 
mechanisms of degradation of the devices with and without modification when stored in air 
are described. The SCN ligand on the dye is preserved in the stable devices, which is also 
discussed.  Chapter 4 describes the charge transfer dynamics between N719 dye and TiO2 
prepared by various methods, including two different covalent linkers and direct adsorption. 
The effect of multilayer adsorption of dye and the effect of linear and aromatic linkers on 
the charge transfer dynamics is described. These findings may lead to improvements in the 
PCE of devices. A dramatic impact of doping rare earth oxides, especially micro-sized 
Nd2O3 particles, into TiO2 NPs to enhance the PCE is described in Chapter 5. Finally, the 
performance of DSSCs employing surface modification of TiO2 with plasmonic Au NPs by 
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electrostatic attachment is described in Chapter 6. Reasons for improvement in the PEC 
parameters will be discussed as determined by electrochemical and spectroscopic 
measurements. 
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CHAPTER 2 
EXPERIMENTAL SECTION 
 
The preparation of DSSCs is crucial for the advancement of DSSC technology. 
Every component of DSSCs can influence the PEC parameters. Even a little variation in 
electrolyte, for example, can reduce photocurrent. The quality of materials, variation of 
spacer distance between the photoanode and the counter electrode, and quality of electrical 
contacts on the electrodes can result in different values of short-circuit photocurrents and 
photovoltages. Both physical and chemical engineering should be optimized to get high 
efficiency devices. This chapter describes the methods used to prepare DSSCs in the work 
later described in this dissertation. It also describes the measurement system adopted and a 
short description of the pump-probe instrument used for ultrafast transient absorption 
spectroscopy.  
 
2.1 Chemicals and Materials 
General cleaning solvents such as ethanol, 2-propanol, and acetone were bought 
from Sigma-Aldrich, USA. Nanoparticle binder (ethyl cellulose) and nanoparticle separator 
(terpineol) were used to prevent aggregation of nanoparticles. Degussa (P25), DSL-18 nm, 
DSL-30NRD, Solaronix T/SP-20 nm, and R/SP (scattering particles of titania, 200-400 nm) 
were used to conduct this research. Degussa TiO2 powder was obtained from Sigma-Aldrich.   
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DSL-18 nm and DSL-30NRD were purchased from Dyesol, Australia. T/SP was purchased 
from Solaronix, Switzerland. Scattering layer particles (WRS-200 and R/SP) were obtained 
from Dyesol and Solaronix, respectively. The aromatic molecular linker, p-
aminophenyltrimethoxysilane was purchased from Gelest, USA. The alkane molecular 
linker, 3-aminopropyltriethoxysilane was purchased from VWR, USA. Organo-metallic 
ruthenium dye [(Cis-diisothiocyanato-bis (2, 2’-bipyridyl-4, 4’-dicarboxylato Ru (II) bis 
(tetrabutylammonium) N719] was purchased from both Dyesol and Solaronix. Fluorine 
doped tin-oxide transparent glass (FTO) electrodes were purchased from Hartford Glass, 
Indiana (USA). Pt in solution (platisol) used to prepare the counter electrodes was obtained 
from Solaronix. For molecular deposition of TiO2 on FTO, TiCl4 was purchased from both 
VWR and Sigma-Aldrich. Vacuum sealant (Epoxy) was purchased from Ideal Vacuum 
Products, USA. For hermetically sealing of devices, 25 µm and 60 µm thick Surlyn plastic 
ionomer was obtained from both Solaronix and Dyesol. A thermal press was used in order 
to properly sandwich the photoanode and counter electrode together with sealant. It was 
obtained from HeatPress Nation (model number MPPRESS912), USA. In order to obtain 
images of TiO2 films on the nanoscale, silicon AFM tips were used and were purchased 
from Nanoscience Instruments (USA) and used with atomic force microscopy (AFM). 
Hydrogen tetrachloroaurate  was synthesized in the laboratory according to literature,32 
stored in the freezer, and used to synthesis Au NPs. Neodymium oxide mesh powder used 
to dope TiO2 was purchased from Sigma-Aldrich. 
 
2.2 Preparation of Titanium Oxide Photoanodes 
 P25 powder was used in this research for preliminary studies. The following steps 
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as shown in the Scheme 2.1 were used to prepare photoanodes for DSSC samples using 
titanium oxide nanoparticles. Scheme 2.2 was used to assemble DSSC samples. Five 
different types  of TiO2 nano-paste were used in this study: transparent TiO2 nano-particle, 
18-20 nm from Dyesol (DSL-18), transparent TiO2 nanoparticles 30 nm from Dyesol, DSL-
30NRD, transparent TiO2 nanoparticles 20-25 nm (T/SP) from Solaronix, degussa P25 TiO2 
(20%) nanoparticle modified by mixing t-terpineol (70%), ethyl cellulose (10%), and 
degussa P25 TiO2 (20%) nanoparticle modified by mixing t-terpineol (70%), ethyl cellulose 
(10%), and acetic acid in ethanol using the reference.33 
Scheme 2.1 Preparation of photoanodes for dye-sensitized solar cells. 
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Various steps involved in the preparation of photoanodes in the laboratory can be 
described in Scheme 2.1 and can be described in the pictorial form as follows:  
Step 1.  Bare FTO can trigger recombination of electrons with electrolyte when electrons 
are making route to external circuit from TiO2 nanoparticles. To prevent this recombination, 
a molecular layer of TiO2 itself is deposited on FTO. The molecular layer does not inhibit 
the conductivity of FTO. FTO slides were cleaned by dipping in detergent solution for 15 
min and then sonicated 5 min each time in acetone, ethanol, and IPA. The last solvent IPA 
Scheme 2.2. Fabrication of dye-sensitized solar cells. 
 
*In back vacuum filling, a drop of electrolyte is cast on top of the hole of the counter 
electrodes and air is pumped-out. Bubbles of air comes out through the drop. When the 
drop become free of bubbles, air is pumped-in. Air pushes the electrolyte, and fills up 
the porous part of the photoanode.    
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was used to rinse FTOs and dried under stream of N2 gas. The deposition of the blocking 
layer formed on FTO occurred by dipping the FTO in a 40 mM aqueous solution of TiCl4 at 
70 oC for 30 min. in a water bath, followed by rinsing with nanopure water first and then 
pure ethanol. The rinsed samples were dried under a stream of dry N2 for 1 min. The process 
is shown in Figure 2.1. 
Step 2.  Next we deposited the active layer (TiO2 nanoparticles, 20-35 nm) by the doctor 
blade method. Scotch tape was used to make a window of desired areas such as 1cm2 (for 
UV-vis, and ATR study), 0.3 cm2, 0.2 cm2 (0.4 x0.5 cm), and commonly 0.16 cm2 (0.4 x0.4 
cm). Clean and smooth glass slides were employed to make paste on these areas. A small 
amount of TiO2 paste was placed on one edge of the area on scotch tape as shown in Figure 
 
Figure 2.1.  Deposition of a TiO2 blocking layer on FTO slides starting from the very beginning 
stage of preparation, including dicing, cleaning, and TiCl4 treatment. 
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2.2. A glass slide slanting at 45o was used to deposit the paste by pressing a little hard and 
sliding the paste over the exposed area on the FTO only one time. The deposited paste was 
exposed to an environment filled with saturated ethanol vapor inside a closed box for one 
minute. The ethanol treated paste was placed immediately on a hot plate at 125 oC for 6 min 
without peeling off the scotch tape.  A second layer of TiO2 paste was deposited following 
the same method. 
 Step 3. A single scattering layer of 200-400 nm TiO2 NPs was deposited on top of the active 
layer following a similar process, except we used 15 min for leveling time after ethanol 
exposure, instead of 6 min. Therefore, the process is not repeated here, however, Figure 2.3 
shows pictures of the process. The scattering nanoparticles come as a white paste.  
 
Figure 2.2.   Preparation of the TiO2 active layer on FTO by the doctor blade method. 
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Step 4. The scotch tape was carefully peeled off and the samples were heated in a closed 
oven at a temperature of 500 oC. The temperature ramp in the oven was 2 oC per second. 
After 1 h, the power supply to the oven was turned off.  Samples were allowed to cool for 1 
h.  The door of the oven was then opened. After 15 min, samples were completely taken out 
from the oven and cooled to room temperature. Figure 2.4 shows the sintering process. The 
top figure shows the PAs placed inside the oven.  
Step 5. The sintered samples were post treated with 40 mM TiCl4 again at 70 
oC for 30 min 
in a water bath followed by rinsing with nanopure water first and then pure ethanol. The 
rinsed samples were dried under N2 for 1 min. TiCl4 helped to connect TiO2 nanoparticles 
for better charge transfer. The post treated samples were sintered at 500 oC for 1 h and 
allowed to cool inside the oven for 1 h with the oven off, followed by 15 min at room 
temperature after opening the door of the oven.  These samples are known as FTO/TiO2 
electrodes. Figure 2.5 shows the pictures of post-modification and sintering.  
 
Figure 2.3.  Single layer deposition of the scattering layer on top of the active layer. 
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Step 6. A stock solution of dye should be prepared at least 3-4 hours before using in order 
to dissolve all solid dye into the solvent. The concentration of the dye solution was 0.3 mM 
usually in a 50:50 mixture of acetonitrile and t-butanol in this case. Different solvents were 
chosen for covalent bonding and various control experiments. The solution vessel should be 
wrapped by light insensitive material to store the dye solution for future use. Freshly 
prepared samples were dipped into the dye solution in a clean crystallizing dish, covered by 
 
Figure 2.4.   Sintering of TiO2 on FTO at 500 oC. The top figure depicts the inside of the oven 
containing FTO/TiO2 electrodes on a crystalizing dish. 
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a watch glass, and wrapped with aluminum foil to prevent any light triggered reaction during 
the sensitization process. Photoanodes remained in the solution for 24 h. After 24 h the 
samples were removed and soaked into the same solvent without dye for 3-4 h. This later 
process is to desorb any multilayer dye adsorbed on the samples. The samples were rinsed 
with a gentle current of ethanol for at least 1 min continuously and dried under a gentle 
stream of N2 gas. This is known as an FTO/TiO2/Dye photoanode. The color of the 
photoanode should be deep-red as shown in Figure 2.6 when observed from the non-
conductive side. These samples were sealed immediately with a CE by using surlyn sealant 
(DuPont) as described in Step 7.  
 
Figure 2.5.  Post treatment of FTO/TiO2 samples Figure (A) and sintering at 500 oC Figure (B). 
The top figure on Figure (A) is crystallizing dish with samples dipped into 40 mM TiCl4 aqueous 
solution. This is actually inside the water bath. The Figure (B) shows the samples sintered at 500 
oC inside the oven. The top part of the figure shows inside of the oven where samples were 
sintered. 
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Figure 2.6.  Sensitization of FTO/TiO2 electrodes with N719. Red picture is from non-conductive 
part. The scattering layer does not absorb dye. For simplicity dye solution in a vial is shown here.  
 
Figure 2.7.  Design of the device with a hole on the CE (A), and photograph of the hole and 
sealing performed on the glass slides (B).  
24 h
0.3 mM N719 dye solution
in 1:1 ration of ACN: t-butanol
FTO/TiO2/DyeFTO/TiO2
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Step 7.  Counter electrodes were prepared during the dye sensitization. A small hole was 
drilled on an FTO slide from the non-conductive side. A special drilling tip (0.8 mm) 
(diamond tip from Ukam, USA) was used. On a 1.0 x 1.5 cm slide, a hole was made on a 
spot 0.5 cm from one of the edges of the lateral side and on the middle of transverse side as 
illustrated in Figure 2.7. Figure 2.7A shows the device sealed with a counter electrode with 
a drilled hole. Figure 2.7B is a photograph after the sealing process was performed on glass 
(not FTOs) slides. The drilled FTO was cleaned in a way as described before in step 1. 
Before coating with platisol, the clean FTO was heated on a hot plate at 450 oC for 15 min 
to remove any organic residue. A drop of platisol was cast onto the clean FTO and heated 
inside an oven at 500 oC for 30 min. The heated counter electrodes were cooled inside an 
oven for 30 min and subsequently at room temperature for 30 min.  
Step 8.   Sandwich cells were prepared by inserting plastic ionomer (Surlyn) between the 
working electrode and counter electrode and heating at 118 0C for one minute in a thermal 
press (model number, MPRESS912, HeatPress Nation, USA). The sample with surlyn was 
placed at the center of the floor of the thermal press as shown in Figure 2.8 and pressed by 
hand for 1 minute (caution: the FTO glass should not break). For more improvement in 
hermetical sealing of devices, epoxy was placed all around the contact joining the 
photoanode and the counter electrode and heated at 60 oC for 1 h to harden the epoxy. A 
drop of electrolyte was placed on top of the hole made in the counter electrode. If sealing 
was good, the drop would not go into the device because of the air pressure produced by the 
trapped air in between the counter electrode and photoanode.  The whole device was kept in 
a small vacuum box (Figure 2.8B) and air was pumped out for 15s. When air was pumped 
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in again, the electrolyte filled the vacuum space and the porous part of the dye-coated 
photoanode. The drilled hole was then filled with liquid Surlyn sealant again, and on the top 
of it, a drop of melted Crystalbond adhesive wax (Ted Pella, USA) was applied to seal the 
hole.  Epoxy was placed on top of the cooled wax. Steps 7 and 8 are summarized in Scheme 
2.1. Two approaches were adapted to measure I-V curves of samples: sandwich set-up and 
beaker set-up. Both schemes are shown in Figure 2.9. The beaker set-up is inexpensive, less 
time consuming, and can measure a large number of samples in a day that is necessary for 
statistical analysis of physical and chemical properties associated with a device. However, 
this set-up cannot provide the optimal efficiency because of the large distance between a PA 
and a CE to regenerate dye. Therefore, the sandwich cell set-up was used for optimization 
of device performance. A similar approach was adopted to make PAs (Figure 2.9B) for the 
 
Figure 2.8.  Sealing by thermal press (A), electrolyte filling by vacuum (B), and real final device 
(C). 
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beaker set-up.  The size of PAs in beaker set-up was 1 cm x 5 cm. since this size can well 
fit into a 1 cm x 5 cm glass cuvette.  
 
2.3 Chemical Modification 
Surface chemistry is a branch of chemistry that deals with the processes occurring at 
the interface between different phases of matter. Surface chemistry is applicable 
everywhere. Sir James Dewar34 found that charcoal can absorb very large quantities of gases 
such as oxygen and nitrogen, which is possible because bulk charcoal has fine reactive 
divisions to absorb. The necessity of soap/serf to lower surface tension and permeate into 
every corner of cloth and remove dirt from clothes is an obvious phenomenon of surface 
chemistry. The phenomena occurring at the interface may be physical (such as lowering 
 
Figure 2.9.   Sandwich cell (A) and Beaker cell (B). 
 
Sandwich cells (A) and Beaker set-up cells (B). 
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surface tension or absorption of gases by charcoal), or chemical (such as removing pollutant 
from waste by titania surface, immobilization of nanoparticles or proteins on glass slides, 
etc.).35  When the chemical structure of macromolecules, such as proteins and nanoparticles, 
are modified by chemical attachment of other molecules or substances for different 
purposes, it is known as chemical modification. TiO2 anatase is an active catalyst and has 
been used for many purposes, such as water-splitting processes to produce storable energy 
sources (hydrogen), making artificial teeth, removing pollutants from the environment, and 
cleaning glass windows in a moisture environment.36 
  In this work, TiO2 is chemically modified to prepare stable and efficient dye-sensitized 
solar cells. The molecular linkers used for modifications were 3-aminopropyltriethoxysilane 
(APTES) and p-aminophenyltrimethoxysilane silane (APhS). 
 
2.4 Covalent Attachment of Dye onto TiO2 
Chemical bonds that involve sharing of electrons between atoms are called covalent 
bonds and are considered as a stable bond structure in chemistry. Carbon atoms have the 
excellent capacity to make covalent bond (s) with other atoms due to its half-filled valence 
orbital in addition to its capacity to form sp hybridized orbitals. Amide bonds are a family 
of covalent bonds formed from amines (NH2) and COOH/COO¯ groups. Amide bonds are 
strong enough to resist water due to hydrophobicity of the amine functional group. Direct 
formation of an amide bond is catalyzed by the addition of stoichiometric amounts of 
coupling reagents, such as dicyclohexylcarbodiimide, DCC in the presence of a base like  
N’N’-dimethylaminopyridine (DMAP).37  Glass (SiO2) or n-type semiconductor oxides 
contain native OH sites. If they lack OH sites, OH sites can be created by treating with 
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Piranha (H2O2:3H2SO4) solution. (Caution: Piranha is very corrosive and experiments 
should be done inside a hood). Free hydrogen from Piranha can react with oxygen to make 
OH sites.38 The OH sites can be functionalized with 3-aminopropyltriethoxysilane (APTES) 
to create a free standing amine (NH2) layer on oxides, which can provide a platform for 
molecular engineering applicable to various purposes. Originally, APTES-functionalized 
glass slides were used to immobilize protein molecules for medical purposes.39  APTES can 
remain on the glass surface for a long period of time. When APTES-functionalized glass 
slides or semiconductor oxide mesoporous films are dipped into a solution containing 
stoichiometric amounts of DCC and DMAP and a carboxylic acid, amide bonds are formed. 
The amide bond can be observed in ATR-FTIR spectroscopy as a sharp peak around 1648 
cm-1.  
In this work, covalent modification of various electrodes with organic modifiers was 
performed in order to improve stability, dye-coverage, and efficiency of DSSCs. 
 
2.5 Linking Plasmonic Au Nanoparticles onto TiO2 
Interdisciplinary areas of research are crucial for the advancement of science. 
Interdisciplinary areas can create diverse areas of research directions. In metal nanoparticles, 
such as Au and Ag, conducting electrons can be excited by photons to create surface 
plasmons.40  This is a good example of an interdisciplinary area of physics and chemistry. 
Collective oscillations of electrons in a plasmonic material in tune with electromagnetic 
waves can produce a resonance phenomenon called surface plasmon  resonance, which 
offers tremendous applications in chemistry, (to produce hues of rose widow), medicine (to 
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produce color change in biosensors such as home pregnancy tests), physics (to enhance 
power conversion efficiency in photovoltaics), and nanoscale lasers. 35,40 
In this work, surface chemistry was used to link Au NPs to semiconductor TiO2 NPs.  
This combination can alter the electrical, optical, thermal and chemical properties of both 
materials.  Au NPs also offer very high reactive surface area for dye adsorption, fast electron 
transfer between molecules and nanoparticles, electron transport within mesoporous NPs in 
the thin film, and improved dye regeneration rate.41   
 
2.6 Characterization Techniques 
 
2.6.1 Steady-state UV-vis Spectroscopy (UV-vis spectroscopy) 
UV-vis spectroscopy can measure electronic transitions in molecular species 
produced by absorbed photons from samples. In this work, UV-vis spectroscopy was used 
to study the amount of N719 dye adsorbed on different semiconductor and metal 
nanoparticles, such as TiO2, Nd2O3, and Au NPs. Cary win Bio-50 UV-vis spectrometer 
(Australia) was used to obtain absorption spectra. Diffuse reflectance/transmittance near IR 
spectroscopy (DR/TS near IR), was used to study the optical behavior of micro-
nanocomposites. In DRS, samples may be thicker and light may get scattered /reflected 
multiple times through the sample before entering a detector.42  This light can carry a lot of 
information about the sample. In this study, DRS was used to calculate the band gap (Eg) of 
a semiconductor nano-micro composite film. Since the incident light undergoes many 
processes inside samples, we cannot use the Beer-Lambert law. We used the Kubelka–Munk 
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function to calculate Eg. A Perkin Elmer Lambda 950 UV-vis spectrometer was used for the 
measurements.  
 
2.6.2 Atomic Force Microscopy 
Soon after the discovery of atomic force microscopy (AFM) by Binnig in the early 
1980s, AFM became  very popular among scientists to study the physical properties of mater 
at the nanometer scale such as surface morphology, electrical, mechanical, magnetic,  
electrochemical, chemical binding interactions, and protein folding.43  The tip of an AFM 
can detect very small force down to the piconewton range in nanometer distances between 
the tip and the substrate where the matter to be analyzed is placed. This makes it possible 
for AFM to produce images at atomic resolution, which is not possible by SEM. In addition, 
AFM can equally be applied to conductive or non-conductive substrates unlike STM that is 
applicable to only conductive substrates. 
In this research, AFM images were taken with the help of a Veeco Digital 
Instruments Nanoscope IlIa Multimode scanning probe microscope (SPM) using a silicon 
tip from Nanoandmore, USA. The tip radius of curvature was 10 nm and all images were 
collected in non-contact mode. 
2.6.3 ATR-FTIR Spectroscopy 
Attenuated total reflectance-Fourier transform infrared spectroscopy [ATR-FTIR] 
works on the principle of total internal reflection of light. When the incident angle is greater 
than the critical angle for the interface of a sample and the transparent crystal on which the 
sample is mounted, laser light passed through the sample can make a series of multiple total 
internal reflections, which finally emerge from the sample.44  At each point of the total 
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internal reflection sites on the interface, an evanescence wave is produced. This evanescence 
wave carries a lot of information about the sample, and is detected. ATR-FTIR is a powerful 
technique to obtain various interaction between species, similar to FTIR, however, it can 
reduce the time of sample preparation and data collection in comparison to transmission 
FTIR.  
ATR-FTIR spectroscopy was used to detect various interaction modes between TiO2 
and N719 dye, and to determine the quantity of N719 dye, focusing on the interaction 
between NCS ligand of N719 dye and TiO2. In addition, this technique is useful to find the 
interaction between TiO2 and APTES, TiO2/APTES and Au nano-particles, and TiO2-Nd2O3 
nan-micro composition.  An ATR-FTIR from Perkin Elmer Spectrum series 100, USA, was 
used to take the ATR-FTIR spectra of the samples.  
 
2.6.4 Scanning Electron Microscopy 
High energy electrons are being used to produce an image at the nanoscale, because 
of the wave nature of electrons. When high energetic electrons knock off inner core atomic 
orbitals electrons from the outer core go into vacant orbits releasing electromagnetic waves, 
usually in the form of characteristic x-rays. Production of x-rays depends on the composition 
of the matter, therefore, these electrons can be used to study the composition of matter. This 
technique is called energy dispersive analysis of x-ray (EDAX). Sometimes these x-rays, 
instead coming out of sample, knock off outer electrons. These electrons produced by x-ray 
are Auger electrons, and the nature of the ejected electrons depends on the composition of 
matter.45 Therefore the dual nature of energetic electrons (particle and wave) can be use 
make images at nanoscale and study the composition of matter. In this work, SEM was used 
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to study the morphological structure of nan-micro composite of TiO2-Nd2O3, and nano-
composite of smaller Au nanoparticles attached to bigger TiO2 nanoparticles through 
APTES.  A Zeiss Supra 35 equipped with in-lens ion annular detector operating at an 
accelerating voltage 0.5-20,000 V was used to obtain the images. 
 
2.6.5 Electrochemical Impedance Spectroscopy 
In any photoelectrochemical cell (PEC), light can trigger a reaction and maintain a 
direct current in the device because of charge separation and transportation.   When a small 
perturbation is produced in the electrochemical system, the excited electrons will see many 
options to move which depend on the PEC environment.46  When an alternate current (AC) 
with a certain frequency is passed through a system with a very small amplitude on the 
device biased with light at its Voc, the motion of charge in different parts of the cell is 
determined by AC resistance (impedance), which depends on the frequency. This carries a 
lot of information about the system.47  The technique is called electrochemical impedance 
spectroscopy (EIS). A general sketch of EIS and the equivalent circuit used in this study is 
shown in Figure 2.10. The equivalent circuit is based on a transmission line of propagation, 
which states that there should be some entity (say voltage or current or frequency) which 
can smoothly flow through all components of a circuit. Figure 2.10A illustrates a DSSC. 
Figure 2.10B describes the electrical circuit elements showing resistances (R) and 
capacitances (C) that relevant in a DSSC according to the different parts of a cell. Figure 
2.10C illustrates a Nyquist diagram, where an imaginary impedance is plotted against the 
real impedance developed in the device while an AC current with varied frequency flows 
through the device. 
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In this work, EIS was deployed to explore charge transport in the interfacial region 
of TiO2, TiO2-Au, and TiO2-Nd2O3 photoanodes. Electrochemical Impedance Spectroscopic 
measurements were performed using a CHI 660a electrochemical workstation.  A 10 mV 
AC perturbation at an open circuit voltage was applied with a frequency range of 100 kHz 
to 10 MHz.  The photoanodes were maintained at an open circuit voltage by illuminating 
with white light produced from an optical fiber (Fiber Optic Illuminator Model 190, Dolan-
Jenner, USA). The DSSCs were connected in a two-terminal configuration.  The photoanode 
was connected as the working electrode while the platinum counter electrode was connected 
to the reference and counter electrode leads.  
 
 
Figure 2.10.  Equivalent circuit for EIS used in dye-sensitized solar cells. Real device (A), 
equivalent circuit (B), and Nyquist diagram for the device (C). 
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2.6.6 Surface Profilometer 
A surface profilometer was used to measure the thickness of mesoporous films. The 
operating principle of a surface profilometer is similar to an atomic force microscope. A 
stylus is scanned across the edge of a sample horizontally from the sample surface to the 
substrate as shown in Figure 2.11. An electronic transducer attached to the stylus can 
convert each change in vertical distances on the sample into an electrical signal, and the 
electronic system on the machine can convert the analog signal to a digital signal to measure 
the thickness of the sample.48  Figure 2.11 shows a profilometer measuring the thickness of 
a sample. 
 
2.7 Photoelectrochemical Parameters 
2.7.1 Photocurrent- Photovoltage Measurement 
Photoelectrochemical (PEC) parameters are the electrical behaviors developed in a 
solar cell device under illumination. By measuring a photocurrent-photovoltage (I-V) curve, 
 
Figure 2.11.  General sketch of a surface profilometer.  
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all PEC parameters such as short circuit photocurrent density (Jsc), open circuit photovoltage 
(Voc), power conversion efficiency (%ƞ), and fill factor (FF), can be obtained. Accurate 
measurement systems are crucial for reporting the PEC parameters. The global procedure 
for measuring the I-V curve comprises of illuminating the device with a simulated light 
source with less than 2% spectral mismatch factor and intensity equal to one sun and 
exposing the light only in a specific designated area of the photoanode (PA) by covering all 
other parts of the PA with light absorbing material (such as black tape). This avoids light 
piping effects when the photoanode is made on a glass substrate.49  Factors that can affect 
the I-V measurement are voltage sweep rate, direction of scans, electrical contacts made on 
the photoanode and counter electrode to draw current from the device, light source, junction 
temperature, instrumentation, and intensity. Specific care was taken to minimize any errors, 
and are discussed in each section below. I-V curves were generated by sweeping the 
potential negative at a constant sweep rate and measuring the current vs applied potential. 
A typical I-V curve is shown in Figure 2.12B.  
 
2.7.2 Solar Simulator Light Source 
The light source used in this work was produced from a Xenon-lamp from Newport, 
(Oriel, USA). The lamp was placed in a universal arc lamp housing which can work up to 
500W of power. The power supply to the lamp was separated from the rest of the electrical 
system to provide an uninterrupted power supply and to remove electrical noise that can 
arise from the contacts from the lamp panel to the power supply. The lamp cooling system 
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was controlled by another power supply containing temperature sensors to control the 
mechanisms of the cooling fan, which can run even after the power supply to the lamp is 
turned off. The information about uniformity and mismatch factor of the light source is not 
provided. The light source was highly stable within 1% ripple factor. Light produced from 
the Xe lamp (Oriel, 300W) was filtered through AM 1.5 to produce a solar simulated light 
source. A calibrated silicon solar cell with uncertainty of 8% from Abet Technologies, Inc., 
(USA) with KG5 filter was used as a reference solar cell. The light source power was set to 
1 Sun by making sure the reference cell measured 100 mV according to a voltmeter when it 
was exposed to the simulated light. I-V curves of the devices were recorded using a Model 
273A EG & G Princeton Applied Research Potentiostat. An external bias voltage was 
scanned negative at a 20 mV/s scan rate. The voltage window used was from 0 to -1 V and 
in some cases from + 0.2 to -1 V. A homemade optical sample holder was used to mount the 
 
Figure 2.12.  Calculation of PEC parameters. Device connected to a potentiostat (A) and I-V curve 
of the device after illumination with light (B).  
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reference and solar cell devices. The solar cell devices were positioned on the center position 
where the reference cell was placed to calibrate the intensity. Figure 2.13 shows picture of 
the mounting of the solar cell devices and the reference silicon solar cell. The devices were 
masked by black tape, making the window area 0.16 cm2. The tape was used to seal the 
edges of the solar cell samples to prevent light piping effect. Figure 2.14 shows the 
arrangement of a device and solar simulated light source for appropriate measurement.  
 
 
Figure 2.13.  Homemade arrangement of sample and silicon reference for I-V measurements. 
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2.8 Ultrafast Transient Absorption Spectroscopy (UTAS) 
 UTAS is a spectroscopic technique that employs ultrashort laser pulses to excite 
electrons to various excited states and then later the motion of these electrons are observed 
by an ultrashort laser pulse again. It is very a powerful technique to study the charge 
dynamics in various systems. 
 
2.8.1 Instrumentation 
Since the introduction of femtochemistry by Zewail in 1990, a lot of research related 
to the understanding of chemical reaction dynamics in real time frame (femto second) has 
been conducted.50  Injection of excited electrons from dye molecules to TiO2 semiconductor 
is in the femtosecond timescale. The injection kinetics is, therefore, crucial to understand 
the fundamental principle of DSSC technology, because power conversion efficiency 
 
Figure 2.14.   Measurement of I-V curves using solar simulated light 
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depends on the temporal competiveness of injection, regeneration of dye, recombination of 
charge, charge transport in an electrolyte as well as in the mesoporous semiconductor film. 
The technique of ultrafast transient absorption spectroscopy (UTAS) is used in this case to 
study the charge injection dynamics of various devices fabricated in the laboratory. 
2.8.2 Theory of Pump-probe Measurements 
When a fraction of molecules of a substance is triggered to the excited state by a 
suitable wavelength of a laser light, it is known as a pump. The fate of excited electrons 
depend on the surroundings; they see various options before making any transition to other 
equilibrium states.  They can go to the ground state by emission of electromagnetic waves 
(fluorescence), they can jump onto other materials in the interface (non-radiative, injection), 
or they can recombine with positive ions if the material is in contact with a liquid electrolyte. 
The average time during which a molecule can remain in an excited state is called 
fluorescence lifetime. The fluorescence lifetime is ~ 1 ns in the case of N719 dye. If another 
laser light, usually with a very weak intensity, is sent through the molecules to examine the 
behavior of excited electrons, it is known as a probe. The probe pulse is deliberately set to 
be delayed from the pump laser pulse. The delay is made to be within the fluorescence 
lifetime of the excited electrons. In this way, the probe laser pulse can monitor the time 
evolution of excited state electrons and carry information about charge dynamics occurring 
at the interface. 
A probe pulse can make different interactions with excited and ground state 
molecules. The difference between absorption of probe laser pulse by excited molecules and 
the absorption by ground state molecules is denoted by ΔA (λ,t), where ΔA (λ, t) is a function 
of wavelength and time. 51 In general, ΔA (λ, t) can carry four different processes: 
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1) The first process is ground-state bleaching where the probe laser measures 
absorption without noticing the excited electrons. In this case, ΔA (λ, t) is 
negative. No significant results can be obtained about the charge separation and 
charge dynamics. 
2) In some cases, because of orbital structures, probe lasers may tune with 
stimulated emission of excited electrons, and there is always a population 
inversion in the system. The population inversion is not affected by the probe 
laser because the intensity of the probe laser is very weak. The ground state 
molecules are always less in number, therefore the value of ΔA (λ, t) is also 
negative. 
3) If the probe laser is able to absorb excited electrons to higher states, the 
absorption spectrum is greater in excited molecules than the absorption spectrum 
of ground-state. In this case, ΔA (λ, t) is positive. 
4) In some phenomena, excited states are long lived due to transition into a triple 
state, long-lived charge state, or isomerization, where their absorption spectrum 
is greater than the absorption spectrum when they are at the ground state. ΔA (λ, 
t) is also positive in this case. In TiO2/N719 system, there exists long-lived 
charge states in excited N719 dye and the conduction band of TiO2 is very near 
to the excited state. There is a possibility of injecting excited electrons to the 
conduction band. If the excited molecules react with other substances and make 
products, or excited molecules undergo various changes in orientations, the 
probe laser will be able to monitor the product and orientation of the molecules. 
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This makes UTAS an attractive tool to understand charge transfer dynamics and 
chemical reactions kinetics. 
In this study, process (3) is studied elaborately for various photoanodes made in the lab 
using TiO2, APTES, APhS, Au NPs, and N719 dye. 
 
2.8.3 Pump-probe Set-up 
All of the UTAS measurements were performed by using a Clark, MXR. Inc, USA. 
The experiment set up is shown in Figure 2.15. The TAPPS system uses a Clark-MXR CPA 
Ti:sapphire ultrafast laser (wavelength = 775 nm, pulse duration  150 fs, pulse energy 1 mJ 
at 1 kHz repetition rate). Output from the CPA is split and used to pump two noncollinear 
optical parametric amplifiers (NOPAs), which in total are able to cover a wavelength region 
from 450–1600 nm. Part of the CPA output is also separated to pump a 3 mm thick sapphire 
plate to generate supercontinuum white-light (420–1600 nm). Output from the first NOPA 
at 530 nm wavelength was pulse-compressed to 30 ± 5 fs determined by an autocorrelation 
measurement. It was used as the pump light source. The pulse energy of the pump light is 
attenuated to below 0.2 μJ to avoid unwanted multiphoton excitation and thermal 
degradation of the samples. Both the white-light and the 860 nm output from the second 
NOPA were used as the probe light. In all measurements reported here, polarization of the 
pump and probe beams are parallel. The probe beam is focused onto the sample while the 
Pump beam is slightly defocused to ensure coverage of the probe beam. After the sample, 
the pump beam is blocked by a notch filter. When the 860 nm probe beam was used, its 
transmission sinnal was detected with a Si-photoanode (Thorlab DET10A) and amplified by 
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 a lock-in amplifier (SRS SR810), whereas with the white-light probe beam, the transmission 
is dispersed by a curved grating and detected by a linear array CMOS detector in the 
wavelength range 430–730 nm. The time delay between pump and probe pulses (Δt) is 
variable between 0 and 1.5 ns by moving a retroreflector on a computer-controlled 
translation stage that reflects the pump beam. An optical chopper revolving at 500 Hz, half 
the repetition rate of the femtosecond laser, is used to modulate the pump beam and the 
TAPP signal is recorded as the change in optical density (ΔOD) with pump beam blocked 
and unblocked: where I0 and I* are the probe beam transmission with the preceding pump 
beam blocked and unblocked, respectively. Time zero was determined by the transient 
absorption signal of R6G dye solution, and the group velocity dispersion was corrected. The 
TAPPS system is controlled by a LabVIEW (National Instruments) program. 
 
Figure 2.15.  Pump-probe experimental procedure for the measurement of charge injection 
dynamics. 
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2.8.4 860 nm Probe for Decay Measurements 
To study the charge transfer dynamics in the TiO2/N719 system, processes (1) and 
(2) mentioned in section 2.7.2 should be avoided. Furthermore, the probe laser pulse should 
not excite any ground state molecules during the probing. The UV-vis absorption spectrum 
for the FTO/TiO2/N719 shows that the absorption starts at 750 nm and lower wavelengths. 
Therefore, the choice of 860 nm laser pulse as a probe pulse is appropriate to observe charge 
transfer dynamics from N719 dye to TiO2.  In addition, TiO2-Au photoanodes do not have 
optical activities beyond 700 nm. 
In this work, 860 nm probe laser was used to monitor the fate of excited electrons 
from N719 onto TiO2 on FTO/TiO2/N719 photoanodes when the latter is illuminated with a 
pump laser at 530 nm. The decay curve will solely due to charge transfer from N719 to TiO2, 
since the probe is measuring electrons in the excited state of N719 dye. Decay in the signal 
from those electrons at times shorter that emission indicate electron injection into the TiO2 
conduction band. 
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CHAPTER 3 
COVALENT MODIFICATION OF PHOTOANODES FOR STABLE 
DYE-SENSITIZED SOLAR CELLS 
 
 
This is the first research project during my Ph.D. study. The research has been 
published in Langmuir. The motivation behind this research was that N719 dye, which 
contains (COOH/COO―) anchoring ligand groups, has several binding modes when it 
makes monolayer adsorption on TiO2. Some of these modes are physisorption and some are 
chemisorption. Chemisorption modes are essential for the stable interactive structure 
between TiO2 and N719. In this context, we describe the surface modification of TiO2 with 
3-aminopropyltriethoxysilane (APTES) followed by covalent attachment of Ru-based N719 
dye molecules to TiO2 through an amide linkage for use as photoanodes (PAs) in dye-
sensitized solar cells (DSSCs).  Attenuated total reflectance-Fourier transform infrared 
spectroscopy (ATR-FTIR) confirms the surface chemistry between the TiO2 and dye. The 
photovoltaic efficiency of DSSCs with covalently-linked dye is 2.8 ± 0.4% as compared to 
5.8 ± 0.6% for traditionally prepared DSSCs, where dye is adsorbed to TiO2 by direct 
immersion.  While lower, the efficiency of PAs with covalently silane-linked dye did not 
change after storage for more than 60 days in air, whereas the traditionally-prepared DSSCs 
decreased to less than 2% in one week and to 0% after twenty days.  FTIR and UV-vis 
characterization of the traditional and covalently-linked dye suggests that covalent linkage 
improves stability by preventing the loss of thiocyanato ligands on the dye, which 
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presumably occurs by exchange with atmospheric water.  PAs with covalently-linked dye 
are also more stable towards water, acid, heat, and UV light compared to traditionally-
prepared PAs as shown by UV-vis and FTIR spectroscopy measurements before and after 
the various treatments.  The covalently-attached dye was also more stable compared to other 
modified PAs with dye attached non-covalently through electrostatic or hydrogen bonding 
interactions.  The dramatic enhancement in stability with covalently-bound dye could be 
beneficial for future practical DSSC applications. 
 
3.1 Introduction 
 Due to the tremendous need for renewable sources to fulfill the ever-increasing 
energy demand from human society, dye-sensitized solar cells (DSSCs)20,21 have been 
widely explored as a potentially low-cost alternative to silicon solar cell technology.30 An 
increase in efficiency to 15%11 and production of cells that are stable for 20 years 31 would 
be a great step toward the commercialization of DSSCs. 
There are many factors that affect the efficiency of DSSCs, especially the electron 
transport processes occurring at the semiconductor/dye, dye/electrolyte (redox couple), and 
semiconductor/electrolyte interfaces, because these are where electron injection,52 dye 
regeneration,53 and the competing processes of electron recombination occur.54 All of these 
processes and the stability55 of the semiconductor/dye/electrolyte junction rely heavily on 
the nature of the dye, the dye functionality, the environment, and the dye/semiconductor 
interaction.56,57 
It is generally desirable to prepare a porous, high surface area semiconductor film 
with monolayer coverage of dye that is attached through a strong anchoring group for high 
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stability and strong coupling for fast electron injection.58 The dye coverage is important 
because low coverage may reduce the amount of light collected (lower efficiency), whereas 
a coverage too high could cause aggregation or multilayers of dye that may reduce the 
efficiency due to poor coupling between the dye and semiconductor or poor regeneration 
kinetics.59-61 The optical properties and the binding characteristics of the dye have been 
altered by varying the level of protonation,62 adding donor substituents,63 and varying the 
number of binding groups64 which are important for stability and controlling the 
photoelectrochemical properties. The distance between the dye and semiconductor is 
another important variable controlled by the chemistry at the interface.65-67 It is generally 
thought that the excited electron should be localized on the anchoring group to maximize 
dye–semiconductor coupling,68 but it is also important to reduce kinetic redundancy.69 
Usually a larger distance hinders the rate of electron injection, which is not desirable, but it 
can also decrease recombination, which is a benefit.54,56,69 Interestingly, Galoppini et al. 
observed electron injection on the nanosecond time scale over long distances of about 18 
nm using a carboxylate anchor group and a spacer group, suggesting that direct coupling is 
not always necessary.65 
There are several different types of metal complex based dyes and different methods 
for attaching them to semiconductor surfaces.58 The most common interaction reported is 
through the carboxylate/carboxylic acid group (COOH/COO¯), where there are five possible 
modes of interaction as shown in Scheme 3.1 for N719 dye with TiO2.
70 The attachment is 
usually described as a combination of bidentate bridging and hydrogen-bonding modes, 
based on the location of the carboxylate bands in an infrared spectrum.62,64,70,71 Other 
potential anchoring groups include B(OH)2, PO(OH)2, SO2(OH), OH, NO2, and SiCl3 as 
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recently described computationally for a functionalized N3 dye on anatase TiO2 (101).
72 
Meyer and co-workers used an acetylacetonate group for linking Ru polypyridyl dye to 
TiO2, but with lower coverage compared to COOH groups.
73 The phosphonate group has 
also been widely used for the adsorption of various sensitizers because it binds more strongly 
and with greater stability compared to COOH/COO¯,74,75 although it exhibits slower electron 
injection compared to N3 or N719 with carboxylate groups.74 Recently, both groups on the 
same dye were used to exploit the benefits of both, especially for use in aqueous solution.76 
Covalent bonding of dye to various metal oxide surfaces is another attachment 
strategy that has been used on electrode surfaces since the 1970s and is different from the 
chemisorption that occurs with the common carboxylate and phosphonate anchor groups. 
The most common occurs by either (1) silanization of dye molecules and direct attachment 
to the metal oxide through a M–O–Si–D bond, where D is the dye and M–O is the metal 
Scheme 3.1.  Different possible interactions between TiO2 and N719 dye molecule. 
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oxide,77-80 or (2) silanization of the metal oxide followed by attachment of the dye through 
organic coupling, such as amide bond formation81-83 or a replacement reaction.84 Recently, 
Brennan et al. used silatranes85 and Hamers and co-workers used photoelectrochemical 
grafting86and click chemistry87 to attach sensitizers covalently to metal oxide 
semiconductors. 
The TiO2/dye interface is critically important for good long-term DSSC 
stability.31,55,88-90 Grätzel and co-workers demonstrated excellent stability for two sealed 
DSSC cells that were irradiated continuously for 7000 h at 100 mW/cm2, even when raising 
the temperature to 75 °C for 700 h.91 Although these results are promising, there are 
conditions when DSSC stability is a major issue, and several publications express serious 
concern about the long-term stability for 15–20 years.92,93  There are many potential stability 
issues, but degradation 55,94,95 and desorption76,90,96 of dye are among the biggest concerns. 
It is well-known that Ru-based dye is not stable in air when adsorbed to TiO2, making it 
necessary to seal the cell immediately.91,92,94,97 Hagfeldt and co-workers showed that ligand 
exchange between atmospheric H2O/OH¯ and NCS occurs on TiO2 adsorbed dye in air, 
which is accelerated by visible light, heat, and possibly UV light.94 This can occur in 
electrolytes as well, especially if water is present, leading to desorption of dye or optical 
changes. Poor air and water stability can be issues in the processing of DSSCs.94 Dye can 
undergo photo-oxidation, but the presence of I¯ in the electrolyte is thought to prevent that 
from occurring appreciably during operation.91 Under illumination, the N719 dye undergoes 
a chemical reaction with iodine to form I2SCN¯
55 and can decompose into fragments, 
including Ru(bpy)2(CN)2.
92 The TiO2–COOH bond can cleave in acidic solution
55 Images 
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of photocurrent and photovoltage showed obvious degradation of dye within 24 h after the 
preparation of DSSCs.95 
It is clear that further improvements in DSSC efficiency and stability are still needed 
to realize commercial applications in the future. Here we describe DSSCs composed of PAs 
with N719 dye covalently attached by silanization of TiO2 with 3-
aminopropyltriethoxysilane (APTES) and then attachment of dye through a covalent amide 
bond between the COOH/COO¯ groups of the dye and the NH2 group of APTES
81-83,98 We 
compare the efficiency and stability of these PAs to those of the traditional TiO2/N719 PAs 
and to those with TiO2/APTES/N719 PAs without covalent amide attachment. It is important 
to note the pre-modification99 and post-modification100 of PAs by APTES have been studied 
previously to improve the efficiency of DSSCs using Ru-based dye, but these did not involve 
subsequent covalent amide bond formation as shown in this work. This is the first study of 
silanization and amide bond formation with the N719 dye to our knowledge. We show that 
the covalent bonding strategy dramatically improves the stability under a variety of 
conditions important for DSSC operation and processing with very little decrease in the 
efficiency. 
 
3.2 Experimental Details 
  Preparation of TiO2 film on FTO:  Dyesol TiO2 paste was used as received 
without further treatment.  For P25 TiO2 powder, a mixture of 280 mg of ethyl cellulose, 
1500 mg of terpineol and 430 mg of TiO2 nano powder were placed in a clean porcelain 
mortar and ground with a pestle for at least 1 h until it became a sticky fine paste.  The paste 
(Dyesol or P25) was deposited with an area of 0.25 cm2 on FTO slides by the doctor blade 
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method.  This was used for all UV-vis, ATR-FTIR, and glass cell data in the paper.  A 0.25 
cm2 area was made on a 90 T screen printer and TiO2 was deposited on the FTO slide two 
times to obtain a thickness of about 7 µm for photovoltaic measurements made on sandwich 
cells.  The deposited paste was sintered at 500 oC for at least 1 h in a 1300 BL Barnstead 
Thermolyne Furnace.  This is referred to as an FTO/TiO2 electrode. 
  Functionalization of TiO2 film: The TiO2 film on FTO (FTO/TiO2) was placed 
inside a solution containing 10 mL of IPA, 100 µL of APTES, and 3-4 drops of nanopure 
water.  The solution was placed in a water bath at 70 oC for 30 min101  The electrode was 
removed and rinsed thoroughly with IPA and dried under a N2 stream for 1 min.
  This is 
referred to as an FTO/TiO2/APTES electrode. Figure 3.1 and Figure 3.2 confirm that 
APTES was well attached on TiO2 by ATR-FTIR and XPS data, respectively. The 
disappearance of bending mode (1630 cm-1) and stretched mode (3000-3600 cm-1) along 
with OH site (3695 cm-1) of adsorbed water from TiO2 spectrum after functionalization with 
APTES confirms the chemical modification of TiO2. The 1580 cm
-1 peak correlates to a free 
amine. Appearance of Si 2P peak and two nitrogen peaks in the XPS data shows the presence 
of APTES on TiO2. 
 
Figure 3.1  ATR-FTIR spectra for FTO/TiO2 (red) and FTO/TiO2/APTES (green). 
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  Dye sensitization of TiO2 film: Sensitization of the FTO/TiO2 or FTO/TiO2/APTES 
electrodes was achieved by immersing into a (1) 0.3 mM solution of N719 dye in a 1:1 
mixture of acetonitrile and t-butanol, (2) 0.3 mM solution of N719 dye in dichloromethane, 
or (3) solution of 0.3 mM N719 dye, 20 mM DCC, and 20 mM DMAP in 
dichloromethane.101  The electrodes were soaked in one of these three different dye solutions 
for 24 h.  Solution (3) should lead to covalent attachment of dye through an amide bond with 
the TO/TiO2/APTES electrodes with DCC as a catalyst and DMAP acting as a base to 
deprotonate the carboxylic acid groups of the N719 dye.  We name the electrodes not 
functionalized with APTES as FTO/TiO2/Dye (NC-1), FTO/TiO2/Dye (NC-2), and 
FTO/TiO2/Dye (NC-3), where NC stands for “non-covalent” and the number refers to the 
solution used for dye attachment. The APTES-functionalized electrodes are termed as            
 
Figure 3.2.  XPS spectra of FTO/TiO2 (red) and FTO/TiO2/APTES (green). Other colors are 
the fitted curves. (A) General survey, (B) carbon peak (C1S, 284.1 eV), (C) oxygen (O1S, 529-
531 eV), (D) nitrogen (N1S, free 401 eV, H-bonded 398 eV), (E) silicon (2P, 110 eV), and 
titanium (TiP1/2, TiP3/2 467 and 462 eV, respectively).  
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FTO/TiO2/APTES/Dye (NC-1) FTO/TiO2/APTES/Dye (NC-2), and FTO/TiO2/APTES/Dye 
(C-1), where NC is as before and C stands for “covalent”. The number again refers to the 
solution used for dye attachment.  
  Photoactivity measurements: The N719 dye-sensitized photoanode (PA) acted as 
the working electrode.  A counter electrode was produced by coating an FTO slide with a 
drop of Platisol (Solaronix) and heating to 500 oC for 20 min.  Both the working electrode 
and counter electrode were silver painted on the edges of the conductive sides to produce 
good electrical contact.  Photoactivity was measured using two different set-ups; a sealed 
sandwich cell and open glass cell.  Sealed sandwich cells were prepared by placing Surlyn 
(plastic polymer) between the dye-coated working electrode and Pt - coated counter 
electrode with a spacer and heating at 125 oC for ten minutes to seal them together.  After 
injecting a drop of electrolyte in between the two cells, the cell was further sealed with wax.  
For the open glass cell, the working electrode and the counter electrode were kept in a 1 cm 
glass cuvette connecting each electrode with copper alligator clips.  3 mL of Iodolyte-50 
was placed into the cuvette.  Either cell was illuminated with simulated 1.5 AM solar light 
(Newport Oriel, USA) at an intensity of 100 mW/cm2.  Current-voltage curves were obtained 
by applying an external bias between the two electrodes of the cell and measuring the current 
with a Model 273A EG & G Princeton Applied Research Potentiostat.  The photon flux was 
measured by a power meter (Thorlab, USA).  All photocurrent and photovoltage curves were 
measured using PAs with the P25 Degussa TiO2 paste.  
  Spectroscopic characterization: To characterize the surface attachment of N719 
dye to the TiO2 films using the different attachment functionalization and different solvents, 
we measured the absorbance spectrum of PAs with a Varian Cary 50 Win UV-vis 
spectrophotometer (Australia) and a Perkin Elmer Spectrum series 100 attenuated total 
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reflectance Fourier transform infrared (ATR-FTIR) spectrometer. The UV-vis 
measurements were performed by placing PAs prepared from Dyesol TiO2 paste in the light 
path of the instrument in air and referencing the absorbance to an FTO/TiO2 slide with no 
dye.  For ATR-FTIR measurements, PAs made from P25 degussa TiO2 or Dyesol TiO2 paste 
were placed upside down onto the ZnSe crystal in the ATR-FTIR spectrometer and held at 
a pressure of 80 psi.  The samples were scanned from 400 to 4000 cm-1 with 20 scans 
averaged per sample with a resolution of 4 cm-1.  We compared spectra of the PAs before 
and after they were 1) exposed to open air for 20 days, 2) placed in water, 3) placed in a 
solution of 28 mM acetic acid, 4) heated to 140 oC in open air and in the dark, 5) heated to 
140 oC along with exposure to a 4 watt 254/364 nm UVGL-15 Compact UV Lamp (Upland, 
CA, USA).  These studies were performed to test the stability of the dye attached by the 
different methods. 
 
3.3 Results and Discussions 
Photoanode Preparation: For this project we prepared six different types of 
photoanodes (PAs) as shown in Scheme 3.2.  Step A for all PAs was the deposition of TiO2 
on the FTO (P25 degussa or Dyesol).  The next step for the top three anodes was the 
adsorption of dye in the three different solutions shown, labeled as steps A1, A2, and A3.  
The PAs are named FTO/TiO2/Dye (NC-1), FTO/TiO2Dye (NC-2), and FTO/TiO2/Dye 
(NC-3), respectively, where NC indicates “non-covalent” attachment and the number 
represents the solution (1, 2, or 3).  The three electrodes on the bottom in Scheme 3.2 
underwent a second step B involving functionalization of TiO2 with APTES before steps 
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B1, B2, or B3, which exposed them to dye in the same three solutions.  These PAs are named 
FTO/TiO2/APTES/Dye (NC-1, FTO/TiO2/APTES/Dye (NC-2), and FTO/TiO2/APTES/Dye 
 (C-3), where NC indicates “non-covalent” attachment, C indicates “covalent” attachment, 
and the number represents the solution used.  We expected covalent attachment to occur in 
solution 3 by DCC and DMAP catalyzed amide bond formation between the amine groups 
of APTES and the carboxylate groups of N719 dye. 
Scheme 3.2.  Preparation of different types of photoanodes and their nomenclature. 
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 While Scheme 3.1 illustrates the possible interactions between dye and FTO/TiO2, 
Scheme 3.3 illustrates the different possible non-covalent interactions between APTES-
functionalized TiO2 (FTO/TiO2/APTES) and N719 dye molecules, which includes H-
bonding and electrostatic forces. We expected these types of interactions for 
FTO/TiO2/APTES (NC-1) and FTO/TiO2/APTES (NC-2). Scheme 3.4 illustrates the 
possible covalent interactions between FTO/TiO2/APTES and FTO/TiO2 and dye in solution 
3 to form covalent amide and ester bonds, respectively (steps A3 and B3).  A covalent type 
of ester bond could form in step A3, which is also known as the unidentate bonding 
Scheme 3.3.  Possible non-covalent interactions between dye and FTO/TiO2/APTES. 
 
Scheme 3.4.  Possible covalent interactions between dye and a) FTO/TiO2/APTES, b) 
FTO/TiO2 when dye molecules are attached from a solution containing DCC and DMAP. 
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described in Scheme 3.1.  Since we could not confirm this and the behavior is very different 
from the covalent FTO/TiO2/APTES (C-3) electrode as shown later, we label this PA as NC. 
Photoactivity Measurements: All photoactivity measurements were from PAs 
prepared from P25 Degussa TiO2 nano-powder.  Figure 3.3A shows current-voltage curves 
in the presence of solar simulated light of the six different DSSCs with the PAs 
FTO/TiO2/Dye (NC-1), FTO/TiO2/Dye (NC-2), FTO/TiO2/Dye (NC-3), FTO/TiO2/APTES/Dye 
(NC-1), FTO/TiO2/APTES/Dye (NC-2), and FTO/TiO2/APTES/Dye (C-3), respectively.  These 
 
Figure 3.3  Comparison of I-V curves for all six types of photoanodes in (A) sandwich cells 
and (B) glass cells using P25 as the TiO2 paste for both types of cells.  The average efficiency 
values and standard deviations are from three samples for each types of photoanodes. 
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were measured in sandwich cells using Iodolyte 50 electrolyte (with I¯/I3¯) redox couple 
and an FTO/Pt counter electrode.  PAs prepared by the traditional method of direct 
immersion in N719 dye using 1:1 acetonitrile:t-butanol as the solvent had an efficiency of 
5.8 ± 0.6%.  This is consistent with other reports using P25 TiO2 and serves as our baseline 
value for comparison between the functionalized PAs and PAs prepared by the traditional 
approach.  Attachment of N719 to FTO/TiO2 by direct immersion from a dichloromethane 
solution without or with DCC and DMAP led to a decrease in efficiency to 4.4 ± 0.8% and 
3.2 ± 0.3%, respectively.  This shows that the solvent can play a role in the efficiency and 
that the presence of DCC and DMAP (base) somehow altered the attachment chemistry or 
coverage of N719 to the TiO2 surface, which lowered the efficiency. 
 Surface modification of the TiO2 with APTES prior to dye adsorption from a 1:1 
acetonitrile:t-butanol solution led to no significant change in the open circuit voltage (OCV) 
compared to the traditional approach, but resulted in a lower photocurrent and lower 
efficiency.  The efficiency was 3.5 ± 0.8% and 3.5 ± 0.3%, respectively for N719 attachment 
in 1:1 acetonitrile:t-butanol and dichloromethane, respectively.  In this case, the solvent did 
not make a difference, but both showed lower efficiency compared to N719 attached to bare 
FTO/TiO2.  The efficiency of the FTO/TiO2/APTES/Dye (C-3) was the lowest at 2.8 ± 0.4%.  
In this case, dye is expected to be attached through a covalent amide bond. 
Clearly both solvent and functionalization (surface chemistry) can affect the 
efficiency of the PAs in the DSSCs.  The trend is that attachment of dye from solution 2 and 
3 led to lower efficiency when compared to solution 1 for bare FTO/TiO2 PAs.  Also, dye 
attached to functionalized FTO/TiO2/APTES PAs showed lower efficiency compared to 
direct attachment of dye in all 3 solutions.  The type of solvent and presence of base (DMAP) 
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may lead to a different coverage and/or a different type of interaction with the TiO2 surface.  
The presence of APTES on TiO2 could affect electronic coupling between the dye and the 
TiO2 surface, which would affect electron injection from the excited state of the dye to the 
conduction band of TiO2.  If electron injection is hindered, this could lower the efficiency, 
which would not be too surprising since there is an insulating organic layer between the 
TiO2 and dye when APTES is present. 
Stability: It is known that PAs based on N719 dye are not stable 
indefinitely.35,92,96,102  Exposure to air, water, UV light, heat, and other chemicals can lead 
to degradation over time.55,94  For this reason we decided to first test the efficiency of the 6 
PAs prepared after exposure to air for up to 60 days.  We were not able to use sealed 
sandwich cells for this experiment, because it would require either 1) using a new PA for 
each air exposure time or 2) removing the PAs from the sealed cell, exposing to air for a 
certain amount of time, and then testing again in a sealed cell.  For convenience, we instead 
used a glass cell open to air.  Figure 3.3B shows the current-voltage curves of the 6 PAs 
using glass cells and solar simulated light.  They all have lower values of photocurrent (and 
efficiency) when compared to the sandwich cell set up, but the trends in the efficiency are 
basically the same.  These 6 PAs were tested in the glass cell directly after they were made 
and then again after sitting in air for various times up to 60 days.   
 Figure 3.4 shows a plot of the efficiency of the 6 PAs as a function of the number 
of days exposed to air over the 60-day time period.  The same PA was tested over the 60 
days.  This was performed 3 times for each type of PA and Figure 3.4 shows the average 
efficiency plus standard deviation.  Interestingly, all 5 PAs with dye attached “non-
covalently” showed a significant loss in photoactivity after 10 days, where they became 
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lower than the efficiency of the PA with covalently-attached dye.  Also, they showed a 
complete loss in photoactivity between 20-30 days.  In contrast, the efficiency of DSSCs 
with covalently-attached dye actually increased slightly during the 60 day time period and 
was stable well beyond that.  We believe the slight increase in efficiency may be due to 
some loss of N719 dye multilayers that initially exists on the PA.  Multilayers of N719 dye 
can lead to lower efficiency. While the efficiency was lower initially for the covalently-
attached dye, the stability was significantly better compared to the traditionally-attached dye 
and other non-covalent PAs.  This would allow the long term storage in air without 
degradation of performance.  In addition, it is very likely that the stability would also be 
superior in the sealed sandwich cells over long periods of time.  These could be important 
practical advantages that could benefit DSSC technology. 
Spectroscopy Measurements: In order to better understand the nature of the 
interaction and compare the coverage between the dye and the FTO/TiO2 or 
FTO/TiO2/APTES, we performed ATR-FTIR and UV-vis characterization of the 6 different 
 
Figure 3.4.  The efficiency of DSSCs prepared with the indicated photoanodes using the glass 
cell set-up as a function of photoanode exposure time in air.  The TiO2 paste was P25. 
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PAs. Figure 3.5 shows the results of ATR-FTIR spectroscopy of the N719 dye adsorbed on 
the different PAs.  In all spectra, the peaks at 1604 and 1375 cm-1 correspond to the 
asymmetric and symmetric stretch of the carboxylate group, respectively. The peak at 1542 
cm-1 corresponds to the bipyridyl group and the peak at 2109 cm-1 is due to the CN stretch 
from the two SCN ligands on each N719 dye molecule.  This confirms dye attachment to 
the PAs in all cases.  The difference between the asymmetric and symmetric stretch of the 
carboxylate groups is smaller than that of the bulk dye, which indicates involvement of the 
carboxylate groups through the bridging mode and possibly hydrogen bonding in the 
attachment to TiO2 and TiO2/APTES. The intensity of the CN stretch is indicative of the dye 
coverage. In this set of data, FTO/TiO2/Dye (NC-2) and FTO/TiO2/APTES/Dye (C-3) show 
 
Figure 3.5.  ATR-FTIR spectroscopy of the six different photoanodes prepared in this study 
using Dyesol TiO2 paste. 
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the highest CN stretch intensities, and therefore dye coverage, but the values are somewhat 
variable from sample-to-sample.  Table 3.1 shows the average absorbance of the CN stretch 
with standard deviation from the ATR-FTIR data for all 6 PAs studied.  While there is 
significant variability, we generally observed that the coverage was larger for dye adsorbed 
from dichloromethane (solutions 2 and 3) than from the acetonitrile:t-butanol mixture 
(solution 1).  The high coverage may be due to the formation of multilayers of N719 dye 
because of lower solubility in dichloromethane. This could partly cause the lower 
efficiencies observed for PAs prepared from solutions 2 and 3 
 The ATR-FTIR data in Figure 3.5 confirm dye attachment and give some idea of 
coverage, but also confirm the covalent amide attachment of dye in the 
FTO/TiO2/APTES/Dye (C-3) sample by the presence of a peak at 1648 cm
-1, which 
corresponds to the amide I (C=O) stretch.  To confirm this assignment, we reacted benzoic 
Table 3.1. ATR-FTIR and UV-vis absorbance values of the various photoanodes 
prepared in this study.  The absorbance values are related to the dye coverage. 
 
N = the number of samples studied; P25 = P25 DegussaTiO2; DSL = Dyesol TiO2 
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acid with FTO/TiO2/APTES in the same way.  In that case, with only one carboxylic acid 
group on benzoic acid, there were no carboxylate peaks present and only one well-defined 
peak at 1646 cm-1 corresponding to the amide I bond found in Figure 3.6.  This confirms 
our peak assignment.  The spectrum of FTO/TiO2/APTES/Dye (C-3) contains a significant 
amount of unreacted carboxylate groups, showing that some of the carboxylates on the dye 
do not attach covalently through an amide and there may also be a partial multilayer or 
aggregates of N719 dye on top of the covalently bound dye.  It is possible that dye 
multilayers contributed to the lower efficiency shown in Figure 3.4.  The covalently bound 
dye consistently showed the highest coverages in the ATR-FTIR and UV-vis data (Table 
3.1). 
 Figure 3.5 shows that the FTO/TiO2/Dye (NC-3) PA also exhibits a peak near 1648 
cm-1, even though amide bond formation is not possible in this case.  This was puzzling, 
since we confirmed that this peak is in the range of the amide I stretch as was confirmed 
 
Figure 3.6.  ATR-FTIR spectrum of benzoic acid (BA) attached to FTO/TiO2/APTES from a 
dichloromethane solution containing DCC and DMAP.  The peak at 1646 cm-1 is consistent with 
an amide I stretch, confirming covalent amide bond attachment.  This peak is similar to the 
covalent amide bond stretch observed for N719 dye attached to FTO/TiO2/APTES in a similar 
manner. 
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with the benzoic acid experiment.  Since the amide bond is not possible with this PA, we 
believe that this peak is due to the C=O stretch from a carboxylate in either the unidentate 
configuration (ester bond) or some other bonding form on TiO2.  This type of bonding could 
be favored in the presence of DCC and DMAP since they also can catalyze ester bond 
formation between COOH/COO¯ and OH groups.  While a CO-OR type ester bond is 
normally near 1720 cm-1, the CO-O-Ti ester bond may be at lower wavenumber due to a 
more stable resonance structure that gives the C=O more single bond character.  The 
resonance structure that gives the C=O single bond character places a positive charge on the 
O next to the Ti.  This positive charge on O may be more favored when next to Ti as 
compared to when next to an R group, which lowers the C=O stretching frequency to a value 
similar to the amide I C=O stretch.  Interestingly, the 1648 cm-1 peak (Figure 3.7) was also 
present in a dichloromethane solution with DMAP, but not DCC, showing that the presence 
of the DMAP base alone was enough to favor this type of bonding.  Others have assigned a 
peak at 1720-1742 cm-1 to unidentate, or ester bond formation.70  While we do not know this 
peak assignment conclusively, we know that it is promoted by base only (DMAP) and it is 
different from the amide I bonding C=O stretch at a similar wavenumber.  We later show 
that the chemistry of these two PAs is very different when soaking in acetic acid (Figure 
3.12), which gives further evidence that the origin of the peak at 1648 cm-1 is different for 
the two PAs. 
 Figure 3.8 shows the UV-vis spectra of all six PAs.  N719 dye in solution has three 
peaks, two of which correspond to metal-to-ligand charge transfer transitions (MLCT) 4d-
π* (520-545 nm and 380-395 nm), and another at the shorter wavelength around 313 nm, 
corresponding to a ligand-to-ligand charge transfer transition (LLCT)  π-π*).103  The MLCT
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 peaks were blue-shifted for FTO/TiO2/APTES/Dye PAs, including the PA with covalently-
attached dye, relative to those for dye in solution.  In contrast, the MLCT peaks were red-
shifted for FTO/TiO2/Dye PAs relative to dye in solution.  The red shift is consistent with a 
103direct interaction with the TiO2 surface and the blue shift is consistent with adsorption 
through the APTES layer, leading to less direct coupling to TiO2.  Table 3.1 shows the 
 
Figure 3.7.  ATR-FTIR spectrum of N719 dye attached to TiO2 from a dichloromethane solution 
containing DMAP only (no DCC).  The peak at 1648 cm-1 is still present, showing that DMAP 
alone can lead to the TiO2/Dye interaction responsible for this peak. 
 
Figure 3.8.  UV-vis spectroscopy of N719 dye adsorbed on Dyesol TiO2 paste for the six 
photoanodes. 
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average UV-vis absorbance for the peak at 520-545 nm.  Again, the PAs prepared from 
dichloromethane solution have the highest coverage of dye, which may indicate the 
formation of multilayers.  Of the two dichloromethane solutions, the solution with DMAP 
and DCC generally had higher dye coverages.  The covalent bonding, presence of base, and 
low solubility of dye in dichloromethane are the likely reasons.  Low coverage is clearly not 
the reason for lower efficiency with these PAs.  Instead, the formation of multilayers and 
poor coupling of the dye to the TiO2 are more likely.  The traditionally-prepared dye has the 
highest efficiency and usually the lowest coverage since the acetonitrile/t-butanol solvent 
system is optimized for monolayer coverage, which is consistent with our results.  The 
FTO/TiO2/APTES/Dye (NC-1) has the optimal solvent system, but the presence of the 
APTES lowered the coverage somewhat, which may have led to its slightly lower efficiency, 
along with poor coupling due to APTES.  There appears to be trends with coverage and 
efficiency, but it is difficult to know the relative importance of coverage as compared to the 
dye coupling strength to the surface. 
We obtained ATR-FTIR and UV-vis spectroscopy measurements before and after 
exposure to air in order to better understand the increased stability of the PAs with 
covalently-attached dye.  With this data, we focus on the PA with covalently-attached dye 
compared to the traditionally-prepared dye.  Figure 3.9A shows the ATR-FTIR data of 
FTO/TiO2/Dye (NC-1) and FTO/TiO2/APTES/Dye (C-3) before and after exposure to air 
for 20 days.  There are clear differences in the before and after spectra for the traditional PA 
as compared to the PA with covalently-attached dye.  For the traditional PA, the peaks 
corresponding to the symmetric and asymmetric stretch of the carboxylate groups and the 
bipyridyl peak all decrease after 20 days in air.  Most notably, though, the CN stretch of the 
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NCS ligand is completely gone after 20 days.  For the PA with covalently-attached dye, the 
carboxylate and bipyridyl peaks also decrease in intensity, but not nearly as much.  Also, 
the amide peak at 1648 cm-1 appears to have decreased less in comparison to the carboxylate 
and bipyridyl peak.  Interestingly, the CN stretch due to NCS has decreased a little, but is 
still significant. 
 Figure 3.9B and 3.9C shows the UV-vis data of the traditional PA and PA with 
covalently-bound dye, respectively.  The initial absorbance, and therefore coverage, of the 
traditional dye is smaller than that of the covalently-bound dye, which is consistent with the 
statistics in Table 3.1.  More importantly, the traditionally-attached dye absorbance peak at 
535 nm shifted to 494 nm (41 nm shift) after air exposure for 20 days.  In contrast, the 
 
Figure 3.9.  Air stability test. (A) Top: ATR-FTIR spectra of conventional FTO/TiO2/Dye (NC-
1), red 1st day and green after 20 days. Below: ATR-FTIR of covalent FTO/TiO2/APTES/Dye 
(C-3), blue 1st day and cyan after 20 days.  (B) UV-vis spectra of conventional FTO/TiO2/Dye 
(NC-1), red 1st day and green after 20 days. (C) UV-vis of covalent FTO/TiO2/APTES/Dye (C-
3), blue 1st day and cyan after 20 days. Photoanodes were stored in a closed box filled with air.   
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absorbance band for the covalently-bound dye shifted from 529 to 510 nm, which is only 19 
nm. 
 Taken together, the ATR-FTIR and UV-vis data suggest that the loss in efficiency 
of the PA with dye attached in the traditional manner following air exposure is related to the 
loss in the NCS ligands from the N719 dye.  This leads to complete loss of the CN stretch 
in the ATR-FTIR spectrum and a large 41 nm blue shift in the visible absorbance peak.  The 
NCS ligand remained on the dye for 20 days (and likely longer based on efficiency data) 
when the dye was covalently-attached to the FTO/TiO2/APTES PAs as shown by the CN 
stretch remaining in the ATR-FTIR spectrum and the relatively small blue shift in the UV-
vis spectrum.  This led to stable PA efficiency over the 60 days as shown in Figure 3.4.  It 
is very interesting that the covalent amide bonding of dye to FTO/TiO2/APTES leads to 
more stable NCS ligands since the ligands are not directly involved in the bonding.  Hagfeldt 
and co-workers showed that the NCS ligands of traditional dye can be replaced by 
atmospheric H2O or OH when assembled on TiO2, which leads to poor air stability.
104 
Accordingly, we believe that covalent linkage somehow provides an environment that 
protects the NCS ligands from significant replacement by water in air, leading to long term 
air stability.  It is not clear if the presence of the polymeric silane linker is directly 
responsible, if the molecule orientation is different after covalent linkage, or if some other 
mechanism provides stability.  More experiments in the future are needed to better 
understand the details of the enhanced stability, but it is remarkable.   
 The photographs in Figure 3.10 show the different PAs with non-covalent attached 
and covalent attached dye (as indicated) before and after exposure to air for 20 days.  The 
three PAs with non-covalent attached dye in A,B, and C changed from a dark red to a light 
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orange color over the 20 day period, while the PA with covalent-attached dye (Picture D) 
remained the original dark red color over the entire 20 days.  The color change from red to 
orange is consistent with the ATR-FTIR and UV-vis data, and we believe it is due to the 
exchange of the thiocyanato ligand on the dye with atmospheric H2O/OH
¯.  This exchange 
can be accelerated by the presence of room light. A plot of the magnitude of the blue shift 
of the MLCT band of the dye adsorbed on TiO2 non-covalently and covalently over time of 
exposure to open air is also shown in Figure 3.10.  The rate of exchange is much faster on 
the conventional PAs compared to the PAs with covalently-linked dye, which is responsible 
for the fast loss in efficiency with air exposure for the former. 
 
Figure 3.10. Photograph (A) FTO/TiO2/Dye(NC-1), (B) FTO/TiO2/Dye (NC-2), (C) 
FTO/TiO2/Dye (NC-3), and (D) FTO/TiO2/APTES/Dye (C-3) before (0 days) and after 20 days 
of storage in open air.  The plot below shows a graph of the blue shift of the MLCT band around 
525-545 nm for N719 dye adsorbed on TiO2 as a function of storage time in air for the 
FTO/TiO2/Dye(NC-1) “red” and FTO/TiO2/APTES/Dye (C-3) “blue” photoanodes. 
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 Figure 3.11A shows the ATR-FTIR spectra of the traditionally-prepared 
FTO/TiO2/Dye (NC-1) PA before and after heating at 140 
oC with UV exposure for 3 hours.  
All of the peaks associated with the dye are reduced in intensity and the CN stretch from the 
NCS ligand is almost completely absent after the heat and UV exposure.  The UV-vis 
spectrum of the dye molecules of the same sample in Figure 3.11B shows a 27 nm blue shift 
of the MLCT band after heat and UV exposure, which is consistent with the loss of the NCS 
ligand in the ATR-FTIR spectrum.  Figure 3.11C shows the ATR-FTIR spectra of the 
FTO/TiO2/APTES/Dye (C-3) PA before and after the same 140 
oC heat treatment with UV 
exposure for 3 h.  The peaks after treatment are also lower in intensity, but the CN stretch 
from the NCS ligand is much more pronounced.  The UV-vis spectra before and after the 
 
Figure 3.11.  (A) ATR-FTIR spectra of conventional FTO/TiO2/Dye/(NC-1) and covalent 
FTO/TiO2/APTES/Dye(C-3) photoanodes before and after heating in open air at 140 OC for 3h 
and simultaneously illuminating with UV light.  (B) and (C) are UV-vis spectra of conventional  
(FTO/TiO2/Dye/(NC-1)) and covalent (FTO/TiO2/APTES/Dye(C-3)) photoanodes before and 
after heating in open air at 140 OC for 3h and simulataneouly exposing to UV light.  The samples 
were exposed to both 254 nm and 364 nm UV-light. 
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same treatment on the same covalently-linked PA in Figure 3.11C accordingly shows a very 
small 4 nm blue shift in the MLCT band of the dye.  This combined data shows that the 
covalent linkage of the dye to the TiO2 through the APTES linker provides the dye with 
much higher stability against thermal and UV degradation compared to the dye attached 
traditionally through direct adsorption to TiO2.   
Figure 3.12A shows ATR-FTIR spectra of a covalent PA (FTO/TiO2/APTES/Dye 
(C-3)) and non-covalent (FTO/TiO2/Dye(NC-3)) respectively before and after soaking in a 
28 mM solution of acetic acid in acetonitrile for 12 h.102  In Figure 3.12, we compared the 
PA with covalently-attached dye to the PA with dye attached directly in the dichloromethane 
solution with DCC and DMAP since they both had a similar peak at 1648 cm-1 and we 
wanted to show that the chemistry of these two PAs is very different.  As shown earlier in 
Figure 3.5, the ATR-FTIR spectra are very similar before exposure to acetic acid.  They 
both exhibit the CN, carboxylate, and bipyridyl peaks along with the peak near 1648--1651 
cm-1.  After exposure to acetic acid, the carboxylate, bipyridyl and 1648 cm-1 peaks all 
decrease dramatically for the non-covalent FTO/TiO2/Dye (NC-3) PA and the CN stretch is 
completely gone.  In contrast, the same peaks all decrease slightly for the covalent. 
FTO/TiO2/APTES/Dye (C-3) PA, but the CN stretch is still present and the amide peak at 
1651 cm-1 remains very strong.  While the carboxylates decrease, the amide peak remained 
relatively strong. This confirms that the nature of this peak is different from that of the 
FTO/TiO2/Dye (NC-3) PAs. The data suggests that it is a more stable bond, which is 
consistent with our assigned amide I bond.  The loss of the carboxylates is likely due to 
removal of multilayers of N719 dye through protonation of the carboxylates by the acetic 
acid. Figure 3.12B shows a photograph of the covalent and non-covalent PAs before and 
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after treatment with 28 mM acetic acid solution in ethanol for 12 h.  The covalent PAs 
remained a dark red-purple color after treatment, while the non-covalent PAs became a light 
orange color due to dye degradation in the acid solution.  The acid treatment experiments 
showed that the covalent attachment with APTES is indeed an amide bond and different 
from the direct TiO2 attachment in the same solution.  The PA with covalently-bound dye is 
clearly more stable to organic acids. 
 We also treated the PAs prepared traditionally in a pH 2.5 solution of acetic acid in 
ethanol for 15 min in comparison to the PAs with covalently-linked dye.  The conventional 
PAs lost 65% of the adsorbed dye molecules based on the ATR-FTIR data, the CN stretch 
 
Figure 3.12.  ATR-FTIR spectra (above) of non-covalent FTO/TiO2/Dye(NC-3) and covalent 
FTO/TiO2/APTES/Dye (C-3) photoanodes before and after soaking in 28 mM solution of acetic 
acid in acetonitrile for 12 h. The photographs show a non-covalent photoanode FTO/TiO2/Dye 
(NC-3) (upper) and a covalent photoanode FTO/TiO2/APTES/Dye (C-3) (lower) before and after 
same acetic acid treatment.  While the ATR-FTIR spectra are initially very similar, the chemistry 
of these two photoanodes is very different. 
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disappeared, and the efficiency of the DSSCs decreased by ~95%.  Even though the ATR-
FTIR peaks for the covalently-linked dye decreased by ~20% for the same treatment, all of 
the peaks remained intact (including the CN stretch) and the efficiency of the DSSC with 
this PA actually increased by ~35% as illustrated in Figure 3.13.  We believe that the acid 
treatment likely removed multilayers of N719 dye, while the dye attached covalently onto 
the TiO2/APTES remained stable.  This led to a better dye monolayer on the TiO2 surface 
with enhanced photovoltaic performance.  When excessive rinsing has been used to remove 
physisorbed multilayers on traditionally-attached dye, it also leads to removal of the 
chemisorbed dye, reducing efficiency. With covalently-attached dye, we can aggressively 
 
Figure 3.13.  (A) Photocurrent increased in covalent PAs after treating with acetic acid. (B)Both 
types of PAs, covalent and non-covalent did not show stability towards base. (C) Sketch of 
monolayer and multilayer on TiO2 after sensitization with N719 dye. In  ACN:t-butanol solution, 
N719 is supposed to make a monolayer.  (D) After multilayer was removed, covalent PAs 
showed an increase in efficiency from 3% to 4%, a 33% increase.  
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remove physisorbed multilayers without loss of the dye monolayer, increasing the 
efficiency. 
 Figure 3.14A shows ATR-FTIR spectra of traditionally prepared FTO/TiO2/Dye 
(NC-1) and covalently-attached FTO/TiO2/APTES/Dye (C-3) PAs before and after soaking 
in water for 1 h.  For the PA with traditionally-attached dye, the carboxylate and bipyridyl 
peaks decrease dramatically and the CN stretch completely disappears after soaking in 
water.  The UV-vis spectra in Figure 3.14B also shows a dramatic absorbance decrease for 
the MLCT band of the dye and a large 46 nm blue shift of the peak, consistent with loss of 
the NCS ligands.  For the PA with the covalently-linked dye, the carboxylate, bipyridyl, and 
NCS peaks decrease a little, but are still present and in a similar position.  Interestingly, the 
amide peak at 1648 cm-1 does not decrease at all, showing high stability of the amide bond 
 
Figure 3.14.  (A) ATR-FTIR spectra of conventional FTO/TiO2/Dye (NC-1) and covalent 
FTO/TiO2/APTES/Dye (C-3) photoanodes before and after soaking in water for 1h.  UV-vis 
spectra of (B) conventional FTO/TiO2/Dye (NC-3) photoanodes before and after soaking in 
water for 1h. 
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in the presence of water.  The loss of the carboxylates, bipyridyl, and NCS bands may again 
be due to removal of multilayer N719 dye as discussed previously.  The UV-vis spectra in 
Figure 3.14C shows a decrease in the MLCT band of the dye, but there is still a significant 
amount and the MLCT band only exhibited a blue shift of 6 nm, consistent with a stable dye 
structure that retains the NCS ligands.  Clearly, the ATR-FTIR and UV-vis show that the 
chemistry and optical properties of the dye are more stable for the covalently-bound dye in 
the presence of water. 
Discussions 
 In this work, we describe a chemical approach for the surface modification of TiO2 
mesoporous films with APTES followed by covalent attachment of dye through an amide 
bond.  The covalent bonding between TiO2 and the dye through APTES decreased the 
efficiency compared to traditionally-prepared PAs, likely due to multilayer dye formation 
and poor electronic coupling between dye molecules and TiO2.  Importantly, the PAs with 
covalently-linked N719 dye are air stable for more than 60 days and more resistant to UV 
light, thermal stress, acid, and water when compared to traditional PAs.  The efficiency can 
also be improved by removing some of the multilayer by soaking in acid or water solution 
(Figure 3.13). In Figure 3.15 covalent PAs whose dye-coverage was made similar to 
optimized traditional PAs by monitoring through UV-Vis peaks, and I-V curves were 
recorded. Both types PAs gave nearly similar efficiency but Voc, FF were clearly improved 
for covalent PAs. The soaking time for covalent PAs was reduced to 3 h from 24 h for 
traditional PAs. It is reported that N719 dye can make monolayer coverage after 24 h soaking 
in solution 1 (50:50 ratio of ACN:t-butanol).  The UV-vis (Figure 3.15B) and ATR-FTIR 
(Figure 3.15C) gave almost the similar nature of peaks confirming that dye-coverage was 
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same for both types of PAs. The ATR-FTIR spectroscopy experiments showed direct 
evidence for the formation of an amide bond between APTES and the dye.  This amide I 
peak remained after the various treatments, showing that the covalent linkage was stable.  
More importantly, the CN stretch from the NCS ligands was present for the covalently-
linked dye, but disappeared for the traditionally-prepared FTO/TiO2/Dye PAs after the 
various treatments.  The loss of the CN stretch in the ATR-FTIR data correlated with a blue 
shift in the UV-vis spectra and loss in DSSC efficiency.  This suggests that traditionally-
prepared dye loses efficiency over time because of replacement of the NCS ligands of the 
dye with atmospheric water as described in a previous report. The covalent bonding of dye 
to APTES prevents, or dramatically slows down this replacement from occurring, leading 
to greater stability and no loss in efficiency for greater than 60 days in air. The various 
treatments accelerate the loss of the NCS band in the ATR-FTIR, leading to a blue shift in 
 
Figure 3.15.  I-V curves and dark currents for covalent photoanodes (blue), non-covalent 
photoanodes (red) (A), UV-vis of the same photoanodes (B) and ATR-FTIR spectroscopy of the 
same photoanodes (C). 
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the UV-vis spectra and efficiency loss for traditionally-prepared PAs.  While it is possible 
to seal traditionally-prepared PAs in a sandwich cell and obtain long term stability, the cells 
are not stable indefinitely.  The PAs prepared with covalently-attached dye in this work are 
expected to show greatly improved stability in sealed sandwich cells when compared to 
those prepared traditionally, since degradation by UV, heat, acid, and water may still play a 
role. Our approach for attaching N719 dye covalently through APTES allows for air storable 
PAs, which provides added convenience and lower cost when considering the bulk-scale 
production of DSSCs.  In the future, we will focus on obtaining a detailed understanding of 
the lower efficiency for the PAs with covalently-linked dye in order to develop a strategy to 
improve it, which would lead to the important goal of producing both highly efficient and 
highly stable DSSCs. 
 
3.4 Conclusions 
 In this work we describe the chemical surface modification of mesoporous TiO2 films 
with APTES followed by covalent attachment of N719 dye through an amide bond for use 
as PAs in DSSCs.  These covalently-linked PAs have similar efficiency as traditionally-
prepared PAs (6-7%), but are air stable for at least 60 days as compared to only a few days 
for traditionally-prepared PAs.  They are also more resistant to UV light, thermal stress, 
acid, and water.  ATR-FTIR spectra showed direct evidence for the formation of an amide 
bond between APTES and the dye.  The amide I peak remained after the various treatments, 
showing a very stable covalent linkage.  The CN stretch from the NCS ligands and TBA+ 
peaks in the ATR-FTIR were present for the covalently-linked dye, but disappeared quickly 
for the traditionally-prepared PAs after the various treatments, suggesting that they play an 
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important role in N719 dye stability.  Those changes in IR correlated with a blue shift in the 
UV-vis spectra and loss in DSSC efficiency.  The NCS ligands of the dye may be replaced 
with atmospheric water as described in a previous report.94  The covalent bonding of dye to 
APTES prevents, or dramatically slows down this replacement from occurring, leading to 
practically no loss in efficiency over several months.  The various treatments accelerate the 
loss of the NCS band and TBA+ cations in the ATR-FTIR, leading to a blue shift in the UV-
vis spectra and efficiency loss for traditionally-prepared PAs.  Pre-modification of TiO2 is 
important to protect NCS ligand, the post modification of photoanode by octylamine shows 
increase in photovoltage maintaining the same current as compared to conventional, 
however, device performance for efficiency could not sustain more than 3 days (shown in 
Figure 3.16 A-C). In this case, TiO2 was first sensitized with N719 dye and then the free 
ends of carboxylate/carboxylic group was induced to make amide bond with octylamine in 
the same way as used to make amide bond. In fact, covalent modification could preserve 
every component of N719 when stored in air. For 6 month old sample, the data in Figure 
3.17 shows that tetrabutylammonium ion, 2937 and 28860 cm-1 peaks, (TBA+) was in the 
surface of TiO2 even after 6 months stored in air, whereas it all went for conventional 
samples. When the ATR-FTIR spectra for every sample ware analyzed, TBA+ was absent 
for conventional PAs even after 5 to 10 days. 
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Figure 3.16.   (A) ATR-FTIR data of FTO/TiO2/Dye functionalized with octylamine covalently 
through an amide bond on the first day of preparation “Day 1” and the third day of exposure to 
air “Day 3”.  The dye is not stable based on the many changes in the IR spectrum. Figure (B).   
UV-vis  data of FTO/TiO2/Dye functionalized with octylamine covalently through an amide bond 
on the first day of preparation “Day 1” and the third day of exposure to air “Day 3”. Figure (C).  
I-V curves of FTO/TiO2/Dye functionalized with octylamine covalently through an amide bond 
on the first day of preparation “Day 1” and the third day of exposure to air “Day 3”. 
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Figure 3.17.  ATR-FTIR spectra of (A) FTO/TiO2/Dye(NC-1) and (B) FTO/TiO2/APTES/Dye (C-
3) on the initial day of preparation and after 4 months and 6 months of storage in air. 
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CHAPTER 4 
SPECTROSCOPIC INVESTIGATION OF PHOTOINDUCED CHARGE-TRANSFER 
PROCESSES IN FTO/TiO2/N719 PHOTOANODES WITH AND WITHOUT 
COVALENT ATTACHMENT THROUGH SILANE-BASED LINKERS 
 
 
Surface modification of TiO2 can bring significant changes on TiO2. In Chapter 
3 we showed covalent photoanodes stable for up to 6 months. N719 dye was covalently- 
linked to TiO2 through an amide bond, and as result, PAs did not degrade photovoltaic 
performance. As described in this chapter, charge injection dynamics from N719 to TiO2 
was investigated by transient absorption pump-probe spectroscopy. Different types of 
molecular linkers were utilized and bound to TiO2 covalently and non-covalently. The 
spectroscopic results are interpreted on the basis of the standard electron transfer (ET) 
theory, and can be used to guide the selection of molecular linkers for DSSCs to produce 
better device performance. This research has been published in Journal of Physical 
Chemistry A. Based on the findings in this chapter, new devices were fabricated. It was 
revealed that new devices gave improved PCE values. Other factors that affect the 
efficiency and stability of the DSSCs are also discussed. 
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4.1 Introduction 
 The dye-sensitized solar cell (DSSC) has become one of the most promising 
photovoltaic devices because of its low cost and relatively high power conversion efficiency 
(PCE).8,21,105-107  Fewer studies, however, have been carried out to optimize other factors of 
the device performance of DSSCs, especially their stability. Upon air exposure, a traditional 
DSSC photoanode loses its efficiency completely after 20 days.92,108  The efficiency is also 
affected by exposure to heat, water, acids, UV illumination, and desorption of the dye 
molecules from the semiconductor nanoparticles.94,109 Sealing the DSSCs improves their 
stability but cannot completely prevent long-term degradation.55 
 Performance of DSSCs can be improved by modification of photoanodes. Both pre-
modification99  and post-modification100  by 3-aminopropyltriethoxysilane (APTES) have 
been studied previously to increase the efficiency of DSSCs using Ru-based dye. Recently, 
Luitel et al. used APTES as molecular linker to covalently attach N719 dye molecules to 
TiO2 films and observed a dramatic improvement in photoanode stability. The linker 
molecule is covalently attached to the N719 dye molecule via an amide bond and anchored 
to the TiO2 nanoparticle by its silane group. For DSSCs with the APTES-attached 
photoanodes, the PCE remains stable after air exposure for more than 60 days. However, 
the PCE of the DSSCs with covalently-attached photoanodes is reduced compared to DSSCs 
with conventional unmodified photoanodes. A 50% drop in PCE (from 6% to 3%) was 
observed for DSSCs with APTES-attached photoanodes when the soaking time in dye 
solution was the same. The PCE of solar cells strongly depends on photoinduced dynamics, 
which can be investigated by time-domain laser spectroscopy. Electron injection from the 
excited states of dye molecules to the conduction band (CB) of mesoporous semiconductor 
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films usually occurs on a time scale of <100 fs to hundreds of picoseconds111-116 and consists 
of several competing processes. The back electron transfer occurs in the microsecond time 
range.117-121 To unravel the effect of covalent attachment using molecular linkers on the PCE 
of DSSCs, in the present work, the electron injection process in the covalently-attached 
photoanode with FTO/TiO2/APTES/N719 configuration was studied by ultrafast transient 
absorption pump–probe spectroscopy (TAPPS). To examine the effect of different linkers 
on the electron injection process an aromatic linker, p-aminophenyltrimethoxysilane 
(APhS), was also investigated and compared to APTES. The conventional unmodified 
photoanode with the FTO/TiO2/N719 configuration as well as the N719 solution was also 
studied for comparison. In addition, attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) and steady-state UV/visible absorption spectra of the photoanodes and the 
solution were obtained to help understand the time-resolved investigation. The 
experimentally observed spectra are used to explain the change in PCEs. 
 The comparative study of photoinduced electron-transfer (ET) processes in the 
presence of molecular linkers is also of significant fundamental interest. ET in bulk 
solid/liquid interfaces is generally described by the theoretical model first developed by 
Marcus, Gerischer, and Levich in the 1960s.121-123 The ET rate depends on both the relative 
energetics and the electronic coupling of the donor and the acceptor: the dye molecule–
semiconductor nanoparticle junction can be regarded as a donor–bridge–acceptor (D–B–A) 
complex with a dye sensitizer (electron donor) attached to the semiconductor NP film 
surface (electron acceptor) through a molecular spacer and an anchoring group (bridge). The 
electronic coupling is determined by both the spacer and the anchoring group. Previously, 
the dependence of the electron injection rate on the bridge length has been studied using 
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molecules with variable spacer units, e.g., methylene groups124 or p-phenylene 
groups98,125,126 In the present work, the electron donor and acceptor are connected by a linker 
molecule that is different from the dye sensitizer. It therefore provides a unique case to study 
the effect of bridges on ET dynamics. 
 
4.2 Experimental Details 
Preparation of TiO2 Film: FTO slides were cleaned by sonicating in acetone, 
EtOH, and IPA for 10 min each and dried under a N2 stream for 30 s. The cleaned FTO 
slides were then soaked in a 40 mM aqueous solution of TiCl4 and heated in a water bath at 
70 °C for 30 min. A 0.25 cm2 exposed area was made on the TiCl4 treated FTO slides by 
using Scotch tape. A small amount of DSL (18 nm) TiO2 paste was kept on one edge and 
spread by a sharp blade on the exposed part to obtain an active layer with uniform thickness. 
The deposited paste was sintered at 500 °C for 1 h in a 1300 BL Barnstead Thermolyne 
furnace. A second scattering layer (WREO-2, 150–250 nm) was deposited with the same 
method on the FTO slides and sintered at 500 °C for 1 h. Finally, the film containing two 
layers of TiO2 pastes (active layer and scattering layers) was treated with 40 mM TiCl4 in 
water at 70 °C for 30 min. This is referred to as the FTO/TiO2 electrode. Note that for all 
TAPPS measurements, the scattering layer was not used. 
Functionalization of TiO2 Film with APTES and APhS: Chemical Modification 
with APTES was performed according to Chapter 3. To study the effect of linker on charge 
transfer dynamics, aromatic linker (APhS) was used. The functionalization of TiO2 with 
APhS was done as follows. The FTO/TiO2 electrode was placed inside a solution containing 
20 mL of DMSO and 2 g of APhS and heated at 130 °C for 3 h.128 The electrode was rinsed 
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thoroughly with EtOH and dried under a N2 stream for 1 min. This is referred to as the 
FTO/TiO2/APhS electrode. 
Previously, it was reported that, when SiO2 was used as substrate, the primary-amine 
coverage using 3-aminopropyltrimethoxysilane (APTMS) and APhS could reach as high as 
88.6% and 100%, respectively.129 Similar coverage of APTES and APhS on TiO2 is 
expected. 
Dye Sensitization of TiO2 Film and Covalent Attachment: Sensitization of the 
FTO/TiO2 electrodes was achieved by immersing them into a 0.3 mM solution of N719 dye 
in a 1:1 mixture of acetonitrile and tert-butanol.130 The electrodes were soaked in a dye 
solution for 24 h. To prepare photoanodes with covalently-attached dye sensitizer, the 
functionalized FTO/TiO2/APTES and FTO/TiO2/APhS electrodes were soaked in 0.3 mM 
dye solution containing 20 mM of DMAP and 20 mM of DCC in 10 mL of methylene 
chloride.98 This makes the covalent attachment of dye molecules with APTES and APhS 
linkers via amide bonds. They are referred to as FTO/TiO2/APTES/N719 and 
FTO/TiO2/APhS/N719 photoanodes. Interactions between dye and FTO/TiO2, 
FTO/TiO2/APTES, and FTO/TiO2/APhS are depicted in Figure 4.1 a–c. Given their four 
carboxyl/carboxylic acid groups, N719 dye molecules may attach to the TiO2 nanoparticles 
via multiple linker molecules. Parts a–c of Figure 4.1 show only the single attachment 
situation. An accurate measurement of the percentages of the singly and multi-attached dye 
molecules was not attempted. 
Spectroscopic Characterization: To determine how APTES and APhS interact 
with the N719 dye, spectroscopic studies were carried out to characterize the photoanodes, 
including attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and 
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UV/visible absorption spectroscopy. In ATR-FTIR measurement, photoanodes were placed 
onto the ZnSe crystal in the spectrometer (Perkin-Elmer, Spectrum 100) with the dye layer 
facing the crystal and held at a pressure of 80 psi. Scans were taken from 400 to 4000 cm–
1 with 20 averages and a resolution of 4 cm–1. To reveal the mechanism for stabilization of 
 
Figure 4.1.   Schemes of the N719 dye attached to TiO2 films by (a) the conventional direct 
method, (b) a covalent APTES linker, and (c) a covalent aromatic APhS linker, and the 
corresponding ATR-FTIR spectra of the photoanodes measured before (red lines) and after (blue 
lines) exposure to air for 20 days (d–f). In (a)–(c), only the single attachment situation is shown 
(see text for more details). Spectra are offset for clarification. Note the loss in the CN stretch 
peak at 2103 cm–1 in the conventional photoanode spectra after air exposure.110 
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photoanodes by covalent linkers, spectra before and after air exposure for 20 days were 
obtained. 
 UV/visible absorption spectra of the covalently-attached photoanodes were obtained 
with a Varian Cary Win 50 UV–vis spectrophotometer. Absorption spectra of N719 in (1:1) 
ACN and tert-butanol solution and conventional FTO/TiO2/N719 photoanodes were also 
recorded for comparison. 
Ultrafast Transient Absorption Pump–Probe Spectroscopy (TAPPS): Ultrafast 
transient absorption pump–probe spectroscopy (TAPPS) measurements were performed on 
N719 in (1:1) ACN and tert-butanol solution on conventional FTO/TiO2/N719 photoanode 
and on covalently-attached FTO/TiO2/APTES/N719 and FTO/TiO2/APhS/N719 
photoanodes. The TAPPS system uses a Clark-MXR CPA Ti:sapphire ultrafast laser 
(wavelength = 775 nm, pulse duration 150 fs, pulse energy 1 mJ at 1 kHz repetition rate). 
Output from the CPA is split and used to pump two noncollinear optical parametric 
amplifiers (NOPAs), which in total are able to cover a wavelength region 450–1600 nm. 
Part of the CPA output is also separated to pump a 3 mm thick sapphire plate to generate 
supercontinuum white-light (420–1600 nm). Output from the first NOPA at 530 nm 
wavelength was pulse-compressed to 30 ± 5 fs determined by an autocorrelation 
measurement. It was used as the pump light source. The pulse energy of the pump light is 
attenuated to below 0.2 μJ to avoid unwanted multiphoton excitation and thermal 
degradation of the samples. Both the white-light and the 860 nm output from the second 
NOPA were used as the probe light. In all measurements reported here, polarizations of the 
pump and probe beams are parallel. The probe beam is focused onto the sample while the 
pump beam is slightly defocused to ensure the coverage of the probe beam. After the sample, 
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the pump beam is blocked by a notch filter. When the 860 nm probe beam was used, its 
transmission signal was detected with a Si photodiode (Thorlabs DET10A) and amplified 
by a lock-in amplifier (SRS SR810), whereas with the white-light probe beam, the 
transmission is dispersed by a curved grating and detected by a linear array CMOS detector 
in the wavelength range 430–730 nm. The time delay between pump and probe pulses (Δt) 
is variable between 0 and 1.5 ns by moving a retroreflector on a computer-controlled 
translation stage that reflects the pump beam. An optical chopper revolving at 500 Hz, half 
the repetition rate of the femtosecond laser, is used to modulate the pump beam and the 
TAPP signal is recorded as the change in optical density (ΔOD) with pump beam blocked 
and unblocked: where I0 and I* are the probe beam transmission with the preceding pump 
beam blocked and unblocked, respectively. Time zero was determined by the transient 
absorption signal of R6G dye solution, and the group velocity dispersion was corrected. The 
TAPPS system is controlled by a LabVIEW (National Instruments) program. 
 
4.3 Results and Discussions 
 ATR-FTIR Spectra: ATR-FTIR spectra of the photoanodes with and without 
covalent attachment before and after air exposure are compared in Figure 4.1d–f. The most 
remarkable change in the spectrum of the conventional photoanode (Figure 4.1d) is the CN 
stretch from the two SCN ligands of the N719 dye molecule at 2103 cm–1. It almost 
completely disappeared after 20 days of air exposure. On the contrary, although decreased, 
it remained strong in the spectra of photoanodes such as FTO/TiO2/APTES/N719 (Figure 
1e) and FTO/TiO2/APhS/N719 (Figure 4.1f). Such observation suggests that the 
improvement in stability of the covalently-attached photoanodes is because the linker 
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molecules provide an environment that protects the SCN ligands and retains the 
photoelectrochemical properties of the dye. Detailed analysis of the spectra and assignment 
of other IR peaks can be found elsewhere.108,110 
Steady-State UV/Visible Absorption Spectra: Steady-state absorption spectra of 
N719 dye in solution and adsorbed on TiO2 film with and without covalent linkers (APTES 
and APhS) are shown in Figure 4.2. In the spectrum of N719 in (1:1) ACN and tert-butanol 
solution (Figure 4.2a), two absorption maxima are observed at 380 and 536 nm, which are 
assigned as metal-to-ligand charge-transfer (MLCT) transitions (4d−π*).131 The long 
wavelength tail (up to 750 nm) was attributed to transition to the luminescent 
[RuIII(bpy)2bpy–]2+ excited state.132 In the spectrum of the conventional photoanode, in 
which the N719 dye is directly adsorbed on TiO2 NPs (Figure 4.2b), the two absorption 
bands at 380 and 536 nm are red-shifted by 12 and 8 nm, respectively, as compared to 
absorptions of the N719 dye solution. Previously the red shift was attributed to either the 
aggregation of dye molecules on the TiO2 surface
133,134 or protonation equilibria caused by 
Ti4
+ as the dye interacts with TiO2.
62 The red shift effect is altered by the linker molecules. 
Parts c and d of Figure 4.2 show the absorption spectra of N719 dye covalently attached to 
TiO2 NPs by APTES and APhS, respectively. The insertion of APTES between TiO2 and 
the N719 dye causes a blue shift of the absorption peaks compared to the case of the 
conventional FTO/TiO2/N719 photoanode. A blue shift with essentially the same magnitude 
is observed in the UV/visible spectrum of the FTO/TiO2/APhS/N719 photoanode. The 
observed blue shifts in FTO/TiO2/APTES/N719 and FTO/TiO2/APhS/N719 photoanodes 
suggest that the red shift in the absorption spectrum of the N719 dye upon adsorption on 
TiO2 NPs is mainly due to the interaction between the dye sensitizer and the semiconductor 
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NPs, which can be altered by different choice of the molecular linker, and hence supports 
the aforementioned protonation-equilibria interpretation. Furthermore, a significant increase 
in absorption was observed for the covalently-attached photoanodes compared to the 
conventional one, suggesting multilayer and aggregation of dye molecules. 
TAPP Spectra: The TAPPS experiment directly measures the electron injection 
dynamics in the photoanodes by varying the time delay between the pump and probe pulses. 
It also reveals details of the electron injection process by the probe-wavelength dependence. 
In the present work, 530 nm pump source was used to excite N719 to its MLCT band (Figure 
4.2). Two probe light sources were used: single-wavelength 860 nm output from a NOPA 
 
Figure 4.2.   Steady-state UV/visible absorption spectra of (a) N719 dye in ACN:t-butanol (1:1) 
solution and (b) FTO/TiO2/N719, (c) FTO/TiO2/APTES/N719, and (d) FTO/TiO2/APhS/N719 
photoanodes. 
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and super-continuum white light. Due to its relative simplicity, the result with the 860 nm 
probe wavelength is presented first. 
TAPP Spectra with 860 nm Probe Beam: Figure 4.3 shows transient absorption 
kinetics of FTO/TiO2/N719, FTO/TiO2/APTES/N719, and FTO/TiO2/APhS/N719 
photoanodes up to 500 ps with an excitation wavelength of 530 nm and a probe wavelength 
of 860 nm. The decay curves are biphasic and can be fit to a biexponential function as 
follows: with τ1 < A02. The fit parameters for the three photoanodes are listed in Table 4.1. 
It has been generally accepted that the faster and slower decay components correspond to 
electron injection from the singlet and triplet MLCT states, respectively.135-138 Previously, 
decay dynamics in shorter than 10 fs were observed by ultrafast time-gate fluorescence 
spectroscopy138 and attributed to a nonergodic electron injection process from 
 
Figure 4.3.   (a) Normalized transient absorption kinetics observed with the 530 nm pump 
wavelength and 860 nm probe wavelength of FTO/TiO2/N719, FTO/TiO2/APTES/N719, and 
FTO/TiO2/APhS/N719 photoanodes. (b)–(d) illustrate the kinetics up to 100 ps and the 
biexponential fits. 
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nonequilibrated singlet excited states of N719 to TiO2. Limited by the time resolution of the 
probe source (60 fs), such a fast process was not observed in the present experiment. 
 The fit curves as well as experimentally measured kinetics are illustrated and 
compared in Figure 4.3 (for 860 nm probe wavelength) and Figure 4.7 (for 690 nm probe 
wavelength). The time scales (τ1 and τ2) are significantly different among the three 
photoanodes. Upon insertion of APTES linker, the time scale for the electron injection 
process from the singlet states of N719 to the conduction band of TiO2 (τ1) increases from 
36 fs to 1.4 ps, whereas that from the triplet states (τ2) increases from 1.9 to 16.1 ps. The 
increment in decay time scale is less significant when the APhS linker is used: to τ1 = 0.3 ps 
and τ2 = 7.4 ps. Note that the fit values of the time scales of the fast decay component (τ1), 
 Table 4.1.  Fit parameters for TAAPS kinetics 
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especially for the conventional photoanode, are comparable to the pulse duration and the 
instrument response function (IRF) of the TAPPS system. The fit values of τ1 are therefore 
not accurate measures of the electron injection rates but should be regarded as only semi-
quantitative estimates. Comparison among the three photoanodes, however, demonstrates 
the effect of the molecular linkers in hindering the electron injection processes. 
 A rise time of 50 fs prior to the decay has been observed in TAPP spectra of the 
FTO/TiO2/N719 photoanode (inset of Figure 4.3b). Such a rise time is dominated by IRF 
but also contains contributions from intermolecular vibrational redistribution (IVR) and 
internal conversion (IC) in both the singlet and triplet excited-state N719 molecules, which 
equilibrate the molecules. A similar rise time was observed for the FTO/TiO2/APTES/N719 
photoanode (inset of Figure 4.3c), whereas it is prolonged when APhS is used as the linker 
(inset of Figure 4.3d) probably due to the effect of the aromatic ring on the IVR and IC 
dynamics. Quantitative analysis, however, was not attempted due to the limited time 
resolution and instrumental response. It is worth noting that an offset, A0 in eq 2, was 
introduced in the biexponential fitting of all three TAPP decay dynamics. Such a long-
lasting signal can only be attributed to triplet state dye molecules that are not subject to ET 
processes due to poor coupling. Previously, a slow component of the observed electron 
injection process in TiO2/N719 solar cell was attributed to dye molecules that are loosely 
attached onto the surface or are present in an aggregated form. 139 Such an offset is therefore 
evidence of multilayer or aggregates of N719 dye molecules. Because only the first layer of 
molecular sensitizer undergoes efficient electron injection to TiO2 NPs, N719 molecules in 
other layers can stay in triplet states after photoexcitation and the ensuing ISC. The A0 value 
is larger for FTO/TiO2/APTES/N719 and FTO/TiO2/APhS/N719 photoanodes than the 
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conventional one, which partially explains their relatively lower PCE. It is also consistent 
with the stronger UV/visible absorption observed for these two photoanodes. (Compare 
Figure 4.2c,d to Figure 4.2b.) 
TAPP Spectra with White-Light Probe: TAPP spectra using white-light as the 
probe source and detected in the 430–730 nm region are illustrated in Figure 4.4. The step 
size of the delay time was relatively large (3 ps) in obtaining the spectra in Figure 4.4. The 
time–wavelength plots of all four samples, N719 dye dissolved in 1:1 ACN and tert-butanol 
solvent and FTO/TiO2/N719, FTO/TiO2/APTES/N719, and FTO/TiO2/APhS/N719 
photoanodes, show a similar pattern: signals in the wavelength region longer than 600 nm 
 
Figure 4.4.   Transient absorption 2D time–wavelength contour plots of (a) N719 dye in ACN 
and tert-butanol (1:1) solution and (b) FTO/TiO2/N719, (c) FTO/TiO2/APTES/N719, and (d) 
FTO/TiO2/APhS/N719 photoanodes. 
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are predominantly positive, whereas those in the shorter wavelength region are 
predominantly negative. The positive signals are due to excited-state absorption (ESA) and 
directly related to the formation and relaxation of excited (singlet or triplet) states and 
oxidized states of the dye molecules after photoexcitation. The negative signals are 
attributed to the ground-state bleach (GSB). We rule out any major contribution from 
stimulated emission (SE) to the negative signals on the basis of two facts: (1) the negative 
signal is roughly symmetric on both sides of the pump wavelength (530 nm). Due to the fast 
IVR/IC (<10 fs) and ISC (<30 fs) processes the SE process would contribute mostly in the 
longer wavelength region and make the spectra asymmetric. (2) No evidence of SE was 
found in the positive-signal region with wavelength >600 nm except for the N719 solution 
because the decay kinetics are single-exponential within 10 ps delay time (see below). 
From the 2D contour plots, transient absorption spectra in the 430–730 nm range at 
different delay times (Δt = 0.5 ps, 10 ps, 100 ps, 500 ps, and 1 ns) are extracted and shown 
in Figure 4.5. Time evolution of the transient absorption spectrum of the N719 dye solution 
(Figure 4.5a) is different in the two wavelength regions longer and shorter than 600 nm. 
The ESA signal in the >600 nm region builds up completely within 100 ps after 
photoexcitation and thereafter decays slowly on a time scale much longer than nanoseconds. 
In contrast, the GSB signal in the <600 nm region demonstrates a continuous decrease 
starting from pump–probe delay time of 0.5 ps due to the ground-state recovery. In the 
transient absorption spectra of the three photoanodes (Figures 5b–d), similar ground-state 
recovery dynamics were observed. However, the dynamics of the ESA signals are different 
from those of the solution. No buildup was observed; instead, one sees the decay of ESA 
signal immediately after photoexcitation. On the basis of these observations, we conclude 
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that the buildup behavior observed for the positive signal of the N719 solution in the region 
longer than 600 nm is actually a combined effect of ESA and SE: an SE process with a time 
scale of 100 ps competes with the ESA process, resulting in a reduced positive signal. When 
attached to TiO2 NPs, either directly or via molecular linkers, the excited state is depopulated 
in picoseconds (see below) through electron injection to the TiO2 NPs. Such a fast electron 
injection process prevents the SE process, hence the disappearance of the buildup of the 
ESA signal. The exact mechanism of the SE process is still undetermined but probably 
involves triplet states given its relatively large time scale. It is unlikely that the negative 
contribution is due to GSB because excited states of isolated dye molecules in solution are 
rather long-lived (15–50 ns).140  
 
Figure 4.5.   Transient absorption spectra at Δt = 0.5 ps, 10 ps, 100 ps, 500 ps, and 1 ns of (a) 
N719 dye in ACN and tert-butanol (1:1) solution and (b) FTO/TiO2/N719, (c) 
FTO/TiO2/APTES/N719, and (d) FTO/TiO2/APhS/N719 photoanodes. Two broad spectral 
regions, ground-state bleach (GSB) and excited-state absorption (ESA), are indicated. 
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 Quantitative information on the time scales of ET processes can be derived by 
examining the transient decay kinetics at particular probe wavelengths, extracted from the 
2D time-wavelength contour plots. Parts a–c of Figure 4.6 show the transient decay kinetics 
of the four samples at 470, 650, and 690 nm probe wavelengths. The GSB signal of the 
FTO/TiO2/APhS/N719 photoanode probed at 470 nm shows the fastest recovery among all 
four samples (τ 500 ps). The other three samples have similar and longer recovery times (τ 
> 1 ns). The mechanism that leads to the faster recovery of the ground-state N719 population 
in the FTO/TiO2/APhS/N719 photoanode is undetermined but might be due to the aromatic 
nature of the APhS molecule. It is well-known that inclusion of π-electron systems, i.e., 
increasing the degree of conjugation, improves the fluorescence quantum efficiency.141 It is 
worth noting that although not presented in figures, the transient decay kinetics probed at 
570 nm, on the red side of the pump wavelength, are almost identical to the ones probed at 
470 nm. 
 The transient decay kinetics probed at 650 and 690 nm are shown in Figure 4.6b,c. 
In N719 dye solution, the relaxation of the excited-state population is slow and is preceded 
by a buildup process discussed previously. The decay time scale is much longer than the 
limit of delay time of the TAPPS system (1.5 ns). It suggests that the relaxation 
corresponding to these probe wavelengths is from the triplet MLCT state of the N719 dye, 
following a fast ISC. In the ESA signal of the three photoanodes, the buildup process is 
absent and the decay is much faster. It consists of a faster component with 50 ps time scale, 
followed by another relatively slower component with 500 ps time scale except for the 
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FTO/TiO2/APhS/N719 photoanode with 650 nm probe (see below). Both components might 
be due to various recombination processes but from singlet and triplet states, respectively. 
Again, the decay is faster in the FTO/TiO2/APhS/N719 photoanode than the other two. 
 An interesting feature was observed in the transient decay kinetics of the 
FTO/TiO2/APhS/N719 photoanode with 650 nm probe wavelength (Figure 4.6b). 
Following the first (and faster) decay component, the ΔOD signal changes its sign from 
positive to negative at  300 ps delay time. It changes back to positive signal after 400 ps. 
 
Figure 4.6.   Normalized transient kinetics observed with the 530 nm pump wavelength 
and (a) 470 nm, (b) 650 nm, and (c) 690 nm probe wavelengths of N719 dye in ACN 
and tert-butanol (1:1) solution and FTO/TiO2/N719, FTO/TiO2/APTES/N719, and 
FTO/ TiO2/APhS/N719 photoanodes. The delay time step size is 3 ps. 
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Such a sign-changing feature is not observed for the other two photoanodes. It suggests that 
the observed ΔOD signal is a combination of ESA signal and GSB signal. The negative 
signal probed at 470 nm is dominated by GSB, whose time scale is determined by ground-
state recovery. The positive signal probed at 690 nm is dominated by ESA, the time scale of 
which is determined by charge recombination. It is reasonable to postulate that combination 
of these processes causes the complicated decay dynamics in the FTO/TiO2/APhS/N719 
photoanode and the sign-changing. A quantitative explanation cannot be reached without 
further experimental investigation. We do, however, point out that the transient decay of the 
FTO/TiO2/APhS/N719 photoanode probed at 690 nm reaches the turning point between the 
fast and slow components at  400 ps (Figure 4.6c), when the negative ΔOD signal with 650 
nm probe reaches its minimum (Figure 4.6b). A probe delay of 400 ps is clearly a critical 
time point for change in dominant photo-induced processes. 
The delay time step size (3 ps) used to obtain the time-wavelength 2D plots in Figure 
4.4 is too large to detect the ultrafast electron injection from the N719 dye. Decay dynamics 
in the three photoanodes were therefore monitored in TAPPS in a shorter delay time range 
(up to 10 ps) with the 690 nm probe wavelength. The step size is 20 fs. The recorded decay 
dynamics and fit curves are shown in Figure 4.7. Unlike those with the 860 nm probe 
wavelength (Figure 4.4.3b–d), the decay dynamics with the 690 nm probe wavelength are 
best fit to a single exponential decay. The time constants are 2.3 ± 0.6 ps for 
FTO/TiO2/N719, 4.4 ± 0.2 ps for FTO/TiO2/APTES/N719, and 3.3 ± 0.4 ps for 
FTO/TiO2/APhS/N719 photoanodes (see also Table 4.1). The time scales are comparable 
to those of the slower components of the decay dynamics probed at 860 nm and can be 
attributed to electron injection from the triplet states of N719 molecules to the conduction 
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band of the TiO2 NPs. The rise time observed in Figure 4.6a–c therefore corresponds to 
both the formation and ensuing thermalization of the triplet states. The electron injection 
rate measured at 690 nm decreased upon insertion of molecular linkers. The magnitude of 
the decrease, however, is less significant than with 860 nm probe wavelength (see the 
Discussion). As with the 860 nm probe wavelength, the hindering effect of the APhS linker 
is weaker than for APTES. 
 
 
Figure 4.7.   Normalized transient kinetics observed with the 530 nm pump wavelength 
and 690 nm probe wavelength of (a) FTO/TiO2/N719, (b) FTO/TiO2/APTES/N719, and 
(c) FTO/TiO2/APhS/N719 photoanodes. The delay time step size is 20 fs. 
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Discussions 
 For a given pair of electron donor and acceptor, the ET rate is determined by both 
the relative energetics at the semiconductor/sensitizing dye interface and their electronic 
coupling. In the present work, the electron injection process was investigated at different 
wavelengths for photoanodes with and without covalent molecular linkers. The linker 
molecules affect the electronic coupling whereas different probe wavelengths interrogate 
ET processes corresponding to different energetics. 
 The biphasic nature of the TAPP spectra of the conventional FTO/TiO2/N719 
photoanode observed using the 860 nm probe beam within a 100 ps delay time (Figure 
4.3b–d) reveals two ET channels from the N719 molecule to the TiO2 NP: from the singlet 
states (1MLCT) and triplet states (3MLCT) of N719. The one order of magnitude difference 
between time scales for the ET processes from the singlet-state and triplet-state N719 are 
attributed to two factors: (i) the increase of the density of acceptor states in TiO2 above the 
edge of its conduction band, resulting in more energy levels available to ET from the singlet 
excited-state N719 molecule, and (ii) the different electronic nature of singlet and triplet 
states in N719, resulting in different electronic couplings between the energy levels of the 
excited donor molecule and the acceptor semiconductor NP. 
 When the 690 nm probe wavelength is used, the TAPPS kinetics observed in the 
FTO/TiO2/N719 photoanode can be fit to a single exponential decay with a time constant of 
2.3 ps. This value is close to the time constants of the slower component in the TAPPS 
kinetics observed using 860 nm probe wavelength (1.9 ps). The decay is therefore attributed 
to electron injection from triplet-state N719 molecules as well, but most probably with 
different energetics. Electron injection from the thermalized triplet states is expected to be 
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slower than that from the vibrationally excited levels of the lowest triplet state and higher-
energy triplet states, both of which are generated directly by ISC.22 This is due to the 
different density of states in the electron acceptor, which explains the slightly longer time 
scale with 690 nm probe wavelength. 
 The insertion of covalently attached linker molecules (APTES and APhS) slows 
down the electron injection processes in all cases. Based on the Marcus theory of ET, two 
mechanisms may lead to the hindering effect of the molecular linker. First, the linker 
increases the spatial displacement between the electron donor and acceptor and hence the 
longer electron injection time scale. Second, the linker molecule affects the energetics for 
electron injection. For instance, the reorganization energy caused by the acceptor–donor 
interaction can be affected by the linker. 
 Previously, ISC on a time scale of 30 fs was reported. It is therefore puzzling that 
electron injection from singlet states, which occurs at much slower rates, was observed in 
photoanodes with covalent attachment. To explain such an observation, we note that the 
measured time scales are for electron injection from the dye molecules to the TiO2 
nanoparticles. It is longer than the time scale of electron transfer from dye molecules to 
linker molecules in the covalently-attached photoanodes that is fast enough to compete with 
ISC. Indeed, on the basis of the fact that we were able to observe electron injection from 
singlet states in these photoanodes, we conclude that the time scale of electron transfer from 
the dye molecules to the linker molecules is similar to that of direct electron injection from 
dye molecules to TiO2 NPs in the conventional photoanode. It is the molecular linkers that 
slow down the overall electron injection processes. 
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 The magnitude of the hindering effect depends on the decay channel, the selection 
of the linker molecule, and the probe wavelength. For TAPPS kinetics probed at 860 nm, 
electron injection processes from both the singlet states and the triplet states of the N719 
dye molecules are slowed down. For both FTO/TiO2/APTES/N719 and 
FTO/TiO2/APhS/N719 photoanodes, the hindering effect is more significant for the singlet-
state channel than the triplet-state channel. The different magnitudes may be attributed to 
different densities of accepting states in TiO2 for the two channels. Another more plausible 
reason is the influence of vibrational motion of the dye molecule. Due to the fast IC/IVR 
(<10 fs), the electron injection for the singlet states is predominantly from the thermalized 
levels, whereas electron injection from the triplet states may have significant contribution 
from vibrationally excited states that are populated directly by ISC (<30 fs). It is known that 
molecular vibration can affect the electron injection rate. The two channels are therefore 
affected by the insertion of the linker molecules differently. 
 The hindering effect also depends on the choice of molecular linkers. The electron 
injection rates detected at 860 nm are faster (0.3 ps from singlet states and 7.4 ps from triplet 
states) in the FTO/TiO2/APhS/N719 photoanode than in the FTO/TiO2/APTES/N719 
photoanode (1.4 ps from singlet states and 16.1 ps from triplet states). Both linkers increase 
the distance between the electron donor (dye sensitizer) and the acceptor (TiO2). The APhS 
molecule is slightly shorter than the APTES molecule. Because the effect of linker length 
on the electron injection rate is exponential, the difference in linker length may lead to a 
considerable difference in electron injection rate. A quantitative calculation requires the 
determination of the damping factor, β, for the carbon chains and benzene rings and is hence 
not attempted here. A more significant difference between the linker molecules that explains 
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the difference in electron injection rate between FTO/TiO2/APhS/N719 and 
FTO/TiO2/APTES/N719 photoanodes is their electronic structure: due to its aromatic 
nature, the molecular orbitals of APhS are more delocalized than APTES and hence have 
better overlap with the LUMO of the dye molecule and the conduction band orbitals of the 
NPs. The more conductive nature of the APhS molecules therefore leads to stronger 
electronic coupling between the donor and acceptor, and hence faster electron injection. 
 The hindering effect of the linker molecules probed at 690 nm is much less 
significant than when the 860 nm is used as the probe wavelength. This suggests that the 
hindering effect of the molecular linkers is different between different vibrational energy 
levels within a triplet state and probably also between different triplet states. The slower 
electron injection process observed with the 860 nm probe is from the excited triplet states 
formed directly by ISC, whereas that observed with 690 nm, blue-shifted from the ESA 
peak, corresponds to electron injection from the thermalized and equilibrated triplet-state 
levels. The difference in decay time constants reflects the important role of molecular 
vibration in the electron injection processes. Electron injection from vibrationally hot 
molecules is less vulnerable to the hindering effect of the molecular linkers. This is 
consistent with the different magnitude in the hindering effect for the two components of 
the decay kinetics observed using 860 nm probe wavelength. 
 The measurement of electron injection as well as recombination processes can be 
affected by many other factors, for instance, the existence of multilayer dye molecules, the 
aggregation of the dye molecules, and different crystal orientations in the TiO2 film. On the 
basis of comparison between the TAPPS kinetics measured at different probe wavelengths 
and using different linker molecules, we conclude that such manufacturing factors do not 
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affect the observed electron injection processes significantly. They can, however, alter the 
slower recombination processes. For instance, the FTO/TiO2/APhS/N719 photoanode 
shows faster electron recombination (Figure 4.6). Buildup of the ESA signal due to the 
electron injection from dye sensitizer to semiconductor NPs has been reported previously142-
144 but was not observed in the present work. It was observed for the N719 solution with 690 
nm probe wavelength, which may explain the previously reported buildup in the ESA signal. 
 
4.4 Conclusions 
 The electron injection processes were monitored in TAPPS spectroscopy. The fast 
and slow components of the decay kinetics with the 860 nm probe are attributed to electron 
injection from the thermalized singlet states and the vibrationally excited triplet states, 
respectively. When a visible white-light probe is used, in the shorter wavelength region, e.g., 
at 470 nm, the signal is dominated by ground-state bleach, whereas in the longer wavelength 
region, e.g., at 690 nm, electron injection from thermalized triplet states is detected. In the 
vicinity of the pump wavelength (530 nm), the signal contains contributions from both 
processes and is further complicated by stimulated emission. 
 On the basis of the TAPPS measurements, we propose that the electron injection 
from the excited states of N719 dye to TiO2 semiconductor conduction band occurs via two 
channels: a fast channel (tens of femtoseconds) from the singlet states of N719 and a slow 
channel ( 1–10 ps) from its triplet states. The electron injection process is hindered by linker 
molecules APTES and APhS that are covalently attached to the N719 dye molecules. The 
magnitude of the hindering effect depends on both the spin-multiplicity of the excited 
electronic states of the dye and molecular vibrations. The hindering effect is more significant 
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for singlet excited-state molecules than molecules in triplet states. Electron injection from 
vibrationally excited triplet-state molecules is less vulnerable to the hindering effect. 
Electron injection processes in the FTO/TiO2/APhS/N719 photoanodes are faster than in the 
FTO/TiO2/APTES/N719 photoanode because the APhS molecule is more conductive due to 
its aromaticity. Suitable choice of linker molecules is therefore important in producing 
DSSCs that have both long stability and high PCE. 
The stability of the photoanodes is significantly increased upon covalent attachment, 
attributed to the protective environment provided by the linker molecules to the SCN 
ligands. Although the molecular linkers slow the electron injection process, it is still orders 
of magnitude faster than the charge recombination to dye molecules and the electrolyte as 
well. The relatively slower electron injection rate is therefore not the reason for the observed 
lower PCE of the FTO/TiO2/APTES/N719 photoanode compared with the conventional one. 
The relatively lower PCE of the covalently-attached photoanodes is mainly due to the 
multilayer and aggregation of the dye molecules above the covalently bonded ones in 
addition to the possible multilayer formation of the linker itself. TAPPS results show that 
the FTO/TiO2/APhS/N719 photoanode has better coverage of monolayer dye molecules 
than the FTO/TiO2/APTES/N719 photoanode. A higher PCE is therefore expected. 
Monolayer coverage of linkers on semiconductor metal oxide is necessary for improving 
PCE of such devices, as shown recently. When the soaking time in dye solution was 
controlled to avoid multilayers, PCE of the FTO/TiO2/APTES/N719 photoanode was 
increased to 6.0 ± 1.0%, very close to that of the conventional one (6.5 ± 0.9%). Modification 
of the covalently-attached photoanodes, for instance, with gold nanoparticles, can further 
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improve the performance of DSSCs with chemically functionalized photoanodes and will 
be the subject of future work.
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CHAPTER 5 
INCREASED EFFICIENCY OF DYE-SENSITIZED SOLAR CELLS USING A RARE 
EARTH OXIDE/TITANIA COMPOSITE ACCEPTOR 
 
Inorganic/organic surface modification of TiO2 can bring significant changes on the 
TiO2 nanosurface. An organic modifier, APTES, led to the covalent modification of TiO2 
for linking dye strongly with TiO2. As a result, stable photoanodes were capable of being 
photoactive for 6 months when stored in air. Traditional photoanodes should be sealed 
immediately to make sandwich devices to preserve their photoactivity. The dye coverage on 
TiO2 plays a vital role in the PCE of devices. This chapter describes the doping of nano-
TiO2 with micro-Nd2O3 particles and evaluation of the PEC performance by I-V curves, 
IPCE, and EIS techniques. The effect of dye coverage on the photophysics and 
photochemistry of doped and undoped photoanodes were investigated. Characterization of 
this thin film was performed by SEM and optical microscopy. The photoanodes were sealed 
using a thermal press instead of the hot plate method and the PEC values were monitored 
for more than one month to determine stability and quality of sealing. 
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5.1 Introduction 
  DSSCs offer relatively high photo-conversion efficiencies while providing potential 
savings in fabrication costs compared to crystalline semiconductor photovoltaics.21,107,145    
Interfacial engineering146 of the oxide material is one of the main strategies used to improve 
the efficiency of DSSCs147  This includes depositing a scattering layer of large size TiO2 
particles on top of the active layer,148 controlling the haze of the film by incorporating larger 
TiO2 nanoparticles into the film,
13,149 chemically modifying the surface of the active layer 
with molecular linkers, coating the active layer with another metal oxide to form core/shell 
structures,150,151 and doping the photoanodes with metal ions,152 metal nanoparticles,153,154 
or other dopants155 or metal oxides.156  
Rare earth metals and oxides, well known for optical materials applications, show much 
promise as dopants to improve TiO2 for photovoltaic applications.
157-159  Rare earth doping 
has been observed to reduce the band-gap of TiO2 particles and increase the surface area of 
TiO2 nanoparticle films.
160  Rare earth doping improves TiO2 photocatalytic activity and 
photoelectrochemical response of a TiO2 anode.
161  A hybrid organic/inorganic solar cell 
was demonstrated in which the TiO2 was completely replaced by rare earth oxide.
162  In 
DSSCs, a number of studies have shown that incorporation of a rare earth dopant in the 
photoanode can improve the cell efficiency.159,163-170  The rare earth material is usually 
incorporated from the rare earth salt precursor into the TiO2 nanostructures during 
synthesis,163,166,168,169,171 sometimes as a core/shell structure,169 but has also been 
incorporated by soaking a prepared TiO2 photoanode into a rare earth salt solution followed 
by calcination167 or by mixing rare earth nanoparticles with TiO2 nanoparticles followed by 
film preparation and calcination.165  Upconverting,172-178 downconverting,163,174,179-184 or 
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dual-mode185 luminescent rare earth nanostructures allow improved light collection 
efficiency when incorporated into the TiO2 photoanode in DSSCs.  They can also help 
improve efficiency through light scattering,173,177,184,186 altering the energy level of the 
TiO2,
177,182,187 and by reducing recombination processes181,188,189 at the TiO2/electrolyte 
interface.  Maximum efficiencies in the 9-10% range were observed with dye-sensitized 
TiO2 photoanodes doped with rare earth materials.
167,178,189  Qin et al. recently reported 
11.2% efficiency with a perovskite-based solar cell by incorporating 0.5% Yttrium into the 
TiO2 layer.
190  These results, while promising, suggest that further improvements might be 
possible through optimization of the rare earth doping concentration, material properties, 
and incorporation technique. 
 
5.2 Experimental Section 
 Photoanodes were prepared according to Scheme 5.1. Briefly, fluorine doped tin 
oxide (FTO) coated glass slides were solvent cleaned, and then soaked in 40 mM TiCl4 
solution at 70 C for 30 min.  The slides were masked with adhesive tape to create a 0.25 
cm2 window.  Dyesol TiO2 paste (DSL 18 NR-T or 30NRD) was then deposited using the 
doctor blade method, and this process was repeated to obtain a film thickness of 
approximately 8.8 µm.  Each time the film was exposed to saturated ethanol vapor in a 
closed box   for approximately 1 minute and heated at 125 oC for levelling of the film. In the 
highest efficiency cells, an additional 3-4 μm thick scattering layer of 200-400 nm TiO2 
particles (WER-2) was also deposited.  The paste was sintered at 500 oC for 1 h, post treated 
with TiCl4 and then sintered again at 500 
oC for 1h.  For the composite electrodes, 40 mesh 
oxidized Nd powder (Alfa Aesar) was ground finely with the TiO2 paste in a chosen weight 
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ratio and then deposited on the FTO slides in the first layer using the procedure described 
above.  The second layer was performed with the Dyesol TiO2 paste only as described above.  
The percentage of Nd reported in the main text refers to the percent Nd in the first layer 
only.  Sensitization of the FTO/TiO2 and FTO/TiO2-Nd2O3 electrodes was achieved by 
immersing the electrodes into a 0.3 mM solution of Dyesol N719 dye in a 1:1 mixture of 
acetonitrile and t-butanol for 24 h.  Counter electrodes with holes made by a 0.8 mm 
diamond tip drilling bit were prepared by coating a cleaned FTO slide with a drop of Platisol 
and heating to 500 oC for 20 min.  Both electrodes were painted by hot melted indium chunk 
from the contact to the edges to produce good electrical contact.  Sandwiched cells were 
prepared by inserting plastic ionomer (Surlyn) between the working electrode and counter 
electrode and heating at 118 oC for one minute in a thermal press (model number, 
MPRESS912, HeatPress Nation, USA). The samples with surlyn were placed at the center 
Scheme 5.1.  Preparation of Nd2O3 doped photoanodes. 
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of the floor of the thermal press and pressed by hand for 1 minute (caution: the FTO glasses 
should not break). For more improvement in hermetical sealing of devices, epoxy was placed 
all around the contact joining the photoanode and the counter electrode. A drop of electrolyte 
was placed on the top of the hole made in the counter electrode. If sealing was good, the 
drop would not go into the device because of the air pressure produced by the trapped air in 
between the counter electrode and photoanode.  The whole device was kept in a small 
vacuum box, and air was pumped out for 15s. When air was pumped in, the electrolyte filled 
the vacuum space and the porous part of the dye-coated photoanode. The drilled hole was 
then filled with liquid Surlyn sealant and on the top of it a drop of melted Crystalbond 
adhesive wax (Ted Pella, USA) was applied to seal the hole.  Epoxy was placed on top of 
the cooled wax.  
 Photoelectrochemical Measurements: For photoelectrochemical measurements, the 
cells were illuminated with simulated 1.5 AM solar light (Newport Oriel) with an intensity 
of 100 mW/cm2 (1 Sun).  The intensity of the light was set based on the voltage response of 
a commercially purchased, calibrated 1 cm2 reference silicon solar cell from Abet 
Technologies, Inc., USA with in-built KG5 filter (uncertainty = 8%).  The light source was 
set to 1 Sun by adjusting the light intensity until the reference silicon solar cell gave a reading 
of 100 mV as measured by a voltmeter.  A homemade optical sample holder was used to 
mount the reference silicon solar cell.  After setting the light intensity, the reference silicon 
solar cell was replaced with the fabricated dye-sensitized solar cell (DSSC) under study in 
the same location at the same distance from the light source as dictated by the optical holder. 
The devices were masked by sticky black paper tape with an open window area of 0.16 cm2 
prepared by a laser printer. Black electrical tape was used to seal all edges of the DSSC 
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devices in order to prevent light piping.  Current-voltage curves were obtained with a Model 
273A EG & G Princeton Applied Research Potentiostat by scanning the voltage from 0.2 V 
to -1.0 V at a scan rate of 20 mV/s to the cells and measuring the current.   
 Other Characterization.  Absorbance spectra of the real photoanodes were measured 
with a Varian Cary 50 Win UV-vis spectrophotometer and diffuse reflectance spectroscopic 
(DRS) measurements were performed using a Lambda 950 PerkinElmer DRS Instrument.  
Electrochemical Impedance Spectroscopic (EIS) measurements were performed using a 
CHI 660a electrochemical workstation.  A 10 mV AC perturbation at open circuit voltage 
was applied between the photoanode and the platinum counter electrode with a frequency 
range of 1000 kHz to 5 mHz.  The photoanodes were maintained at the open circuit voltage 
by illuminating with white light (35 mW/cm2) produced from an optical fiber (Fiber Optic 
Illuminator Model 190, Dolan-Jenner). Incident-photon-current-conversion-efficiency 
(IPCE, direct current) was measured using a halogen lamp with monochromatic filters 
ranging from 500 nm to 800 nm. Incident-photon-current-conversion-efficiency (IPCE, 
alternating current) was also measured using the same set-up except the monochromatic 
light source was chopped at 13 Hz.  
 
5.3 Results and Discussions 
Figure 5.1 compares images of traditional TiO2 nanoparticle films (A, C, and E) and 
those created by combining 5% oxidized 40 mesh Nd powder with the TiO2 nanoparticles 
(B, D, and F).  Figure 5.1(A) and (B) show optical images, while the others show scanning 
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electron microscope images at increasing magnification.  The Nd2O3 particles are clearly 
visible as large protrusions within the TiO2 nanoparticle film.  Grinding of the mixture 
produces a distribution of Nd2O3 particles from 100s of nm up to 100 microns.  Increased 
magnification reveals that cracks have formed near the Nd2O3 particles during sintering.  
Figure 5.1(D) and (F) show that the nanoscale TiO2 particles fill the cracks, along with the 
region on top of the Nd2O3 mesoparticles.  Optical reflectance measurements of the TiO2 
and composite electrodes (Figure 5.2) show that the TiO2 band edge is not affected by the 
Nd2O3 particles, however, additional features due to Nd2O3 optical transitions are 
 
Figure 5.1.  Images of the surface of TiO2 (A, C, and E) and 5% Nd2O3/TiO2 (B, D and F) 
photoanodes. A-B show optical microscope images while C-F show scanning electron 
microscope images. 
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observed.191 Peaks can be assigned as follows: 817 from 4I9/2 to 
2H9/2 + 
4F5/2, 753 from 
4I9/2 
to 4F5/2 + 4S3/2, 690 from 
4I9/2 to 
4F9/2, 505 from 
4I9/2 to 
4G5/2 + 
3G7/2.  
Six batches of photoanodes were fabricated and characterized.  Each batch contains both 
standard TiO2 photoanodes and photoanodes doped with 5% oxidized 40 mesh Nd powder.  
Following measurements, results from multiple (from 2 to 4) devices of the same type in a 
single batch are averaged together.  Figures 5.3A and 5.3B show the current density versus 
bias for the Nd2O3 doped devices and undoped devices, respectively. Each color corresponds 
to a different batch (the results from batch 2 are left out for clarity).  The voltage axis is 
reversed between the two plots to allow for easier comparison of the data. There is 
considerable variation in the current-voltage characteristics between different batches of 
 
Figure 5.2.  Optical reflectance measurements of a TiO2 film (red) and a TiO2 film 
doped with 5% Nd2O3 microparticles (blue).  The band edge is similar for both films 
and the transitions for the Nd2O3 are clearly observed in the visible range for the hybrid 
film as noted by the arrows. 
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solar cells. However, for each batch, the short circuit current is substantially higher for the 
samples containing the Nd2O3 than for the standard DSSCs.  Figures 5.3 C-F are box plots 
summarizing the photoelectrochemical parameters for the Nd2O3-doped (solid boxes) and 
undoped (hashed boxes) photoanodes for all six batches. As shown in Figure 5.3C (and 
described above) the short circuit current density is higher for the Nd2O3 doped samples than 
for the undoped samples in each batch. This produces the observed efficiency increase 
shown in Figure 5.3D; the improvement in efficiency due to Nd2O3 doping ranges from 
 
Figure 5.3.  Current-density versus bias for (A) Nd2O3 doped and (B) undoped 
photoanodes measured under 1.5 AM illumination. Different batches are shown as 
different colored lines: Batch 1(yellow), 2 (not shown), 3 (black), 4 (blue), 5 (green) and 
6 (red). (C-F) Box plots show (C) short circuit current, (D) efficiency, (E) fill factor, and 
(F) open circuit voltage for each of the six batches. Solid blocks show Nd2O3 doped 
samples, and hashed blocks show undoped samples. 
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about 10 to 30%.  Changes in the fill factor (Figure 5.2E) and open circuit voltage (Figure 
5.2F) are small and inconsistent among the different batches, suggesting that the Nd2O3 has 
little impact on these parameters. Table 5.1 summarizes the photoelectrochemical 
measurements and dark current onset voltage for all of the batches of Nd2O3 doped and 
undoped devices. The dark current onset voltage varies little between the doped and undoped 
samples, suggesting that recombination kinetics are similar in both types of photoanodes.   
Further experiments show that the Nd2O3 doping does not negatively impact the device 
stability as long as it is sealed properly. Figure 5.4 shows cyclic voltammetry results for 
conventional and Nd2O3 doped samples after 50 cycles of scan were performed at a rate of 
20 mV/s over a voltage window of 0.0 to 1.0 V.  Both devices did not show any changes in 
the positive and negative scans. The devices were also scanned after 4 hours and the results 
were the same (not shown here). Cyclic voltammetry can be performed to test the stability 
and quality of the devices prepared on the same day. Some devices degraded after one hour 
or after one day when not sealed well. However, for some well-sealed Nd2O3 doped samples, 
there was little change in the short circuit current and efficiency for up to 40 days (Figure 
5.5).   
  Table 5.1.  Summary of total number of photoanodes fabricated in the laboratory. 
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Photoelectrochemical measurements show that the efficiency of DSSCs with 
photoanodes doped with Nd2O3 is strongly dependent on the concentration of Nd2O3 by 
weight relative to the TiO2.  In Figure 5.6, the current density versus bias is plotted for 
samples containing varying weight concentrations of Nd2O3 under 1.5 AM solar light. Both 
5% and 20% Nd2O3 concentration samples have higher efficiency than the TiO2 only 
sample, while above 20% the efficiency is reduced.  The inset shows a plot of the efficiency 
 
Figure 5.4.   Cyclic voltammetry of (A) FTO/TiO2-5% Nd2O3/Dye, and (B) FTO/TiO2/Dye. The 
devices were illuminated by 35 mW/cm2 optical fiber light. The 50 scans at 20 mV/s were 
performed by using two terminal contacts. The scan window of the voltage was from 0 to -1V. 
The sign of the photocurrent and photovoltage are reversed in the plot. 
 
Figure 5.5.   Photoelectrochemical parameters measured over a time period of 40 days of a well-
sealed dye-sensitized solar cell device with a FTO/TiO2–5%Nd2O3/Dye photoanode. 
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as a function of the weight percentage of Nd2O3 mesh particles, indicating that the maximum 
efficiency occurs at ~5% by weight. 
To better understand the improved efficiency, optical absorbance measurements were 
performed on the composite and standard anode materials after soaking in dye for 24 hours. 
Figure 5.9A shows the resulting absorbance spectra.  Both TiO2 and TiO2-5% Nd2O3 
samples show similar absorbance peaks due to the dye.  The metal-to-ligand charge transfer 
(MLCT) band of the N719 dye appears at 538 nm in the pure TiO2 sample and at 544 nm in 
the sample with 5% Nd2O3, a small red shift.  The main influence of the Nd2O3 incorporation 
is to increase the magnitude of the dye absorbance by approximately 28%, indicating that 
the 5% Nd2O3/TiO2 hybrid film is able to uptake appreciably more dye than the standard 
sample.  As shown in Figure 5.6 (inset), the increase in efficiency is maximized for 5% 
Nd2O3 concentration, similar to the dependence on absorbance as shown in Figure 5.7. 
Figure 5.9B shows the magnitude of absorbance of the MLCT band as a function of dye 
soaking time for both 5% Nd2O3 and pure TiO2.  The absorption for the 5% Nd2O3 sample 
 
Figure 5.6.   Current voltage characteristics for DSSCs made with anodes containing varying 
percent weight concentrations of Nd2O3.  Inset: Efficiency as a function of Nd2O3 percent weight 
concentration. 
 
124 
 
rapidly increases above the pure TiO2 sample, reaching a maximum after approximately 5 
hours of soaking time.  The same behavior occurred reproducibly for 3 samples of 5% Nd2O3 
and 3 samples of pure TiO2.   
As shown in Figure 5.1, the composite anodes have a distribution of particle sizes 
resulting in cracks forming that fill with nanoparticles following sintering.  It is possible that 
the cracked surface of the anode results in a larger surface area, and is able to absorb a larger 
quantity of dye than a more uniform surface.  To test this hypothesis, anodes were made that 
contained 400 micron scale TiO2 particles mixed with the TiO2 nanoparticles.  As shown in 
Figure 5.8B, the surface of the all TiO2 composite electrode appears very similar to the 
surface of the 5% Nd2O3–TiO2 electrode, with cracks forming around the larger particles. 
However, there is an insignificant increase in the MLCT band absorbance of the TiO2 
composite electrode compared with the TiO2 nanoparticles electrode (Figure 5.8C) and the 
 
Figure 5.7.   A plot of dye absorbance as a function of Nd2O3 % concentration for TiO2 films 
doped with Nd2O3 microparticles.  The dye absorbance, or coverage, reaches a maximum at 5% 
doping by weight (before calcination).  The efficiency of the photoanode is largest at the same 
percentage. 
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efficiency of DSSCs made from the TiO2 composite electrodes is virtually identical to those 
made from the TiO2 nanoparticles electrodes (Figure 5.8D). This shows that the ability to 
adsorb large amounts of dye is specific to rare earth oxide incorporation.  It also shows that 
the mesoscale particles of TiO2 intermixed in the cathode do not function as an effective 
scattering layer148 or improve the efficiency based on increased haze13,149 in our case, 
making it possible to discount these explanations for the improved efficiency in the Nd2O3 
composite samples.  Others have reported improved efficiency when mixing larger particles 
or powders of TiO2 of various shapes and sizes with nanoscale TiO2 nanoparticles,
192-194 
which has been attributed to increased dye loading, improved light collection, and improved 
 
Figure 5.8.   Optical images of (A) nanoscale TiO2 only and (B) nanoscale TiO2 containing 5% 
microscale TiO2 particles.  (C) Dye absorbance on nanoscale TiO2 only (red) and nano TiO2 + 
5% micro TiO2 (blue) films.  (D) J-V curves under 1.5 AM solar light showing the efficiency of 
the dye-coated nano TiO2 films (solid red) and nano TiO2 + 5% micro TiO2 (solid blue) films 
with the dark J-V curves shown as the corresponding dashed lines. 
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electron transport, but we did not observe significant improvements for the addition of 5% 
microscale TiO2 under our experimental conditions. 
To determine whether the efficiency increase is solely due to increased dye uptake, solar 
cells were prepared using reduced dye soaking times.  Using the data in Figure 5.9B as a 
guide, 5% Nd2O3 anodes were soaked in dye for 2 hours, while pure TiO2 anodes were 
soaked for 2.5 hours. The resulting absorbance spectra for the two anodes are shown in 
Figure 5.9C.  In this case, the MLCT band absorbance is virtually identical for the two 
different anodes, showing that the dye coverages should also be the same. Figure 5.9D plots 
the light current density versus bias curves for the two anodes with the same dye coverages.  
In both cases, the efficiency is appreciably lower than that observed for full dye coverage.  
 
Figure 5.9.   (A) UV-vis absorbance spectra for anodes made with 5% Nd2O3 / TiO2 composite 
anodes (green solid line) and undoped TiO2 anodes (red dashed line). (B) Absorbance as a 
function of dye soaking time.  (C) Absorbance for reduced dye soaking time.  (D) Light current 
voltage characteristics for the dye coverage corresponding to (C). 
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However, the 5% Nd2O3 anode still produces a higher efficiency (5.39 %) than the pure TiO2 
anode (3.65%). These experiments show that the Nd2O3 mesoparticles both increase the dye 
uptake and improve the charge collection and transport through the photoanode.  To further 
investigate the charge transport within the cell, we used electrochemical impedance 
spectroscopy (EIS).  Figure 5.10 shows the EIS Nyquist plots for the same photoanodes 
whose J-V plots are shown in Figure 5.6.  In each plot there are three distinct semi-circles.  
The left semi-circle denotes the high frequency window (100 kHz – 500 Hz) and measures 
charge transfer from the counter electrode to the electrolyte.  The middle semi-circle 
corresponds to the medium frequency window (100 Hz – 1 Hz), and measures the 
TiO2/Dye/electrolyte or TiO2-Nd2O3/Dye/electrolyte interface.  The right semicircle 
 
Figure 5.10.  Electron impedance spectra for photoanodes containing different concentrations of 
Nd2O3 in the photoanodes. 
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corresponds to the low frequency window (1Hz–5mHz) and is normally considered to 
measure diffusion of the electrolyte/redox couple.195,196  In each case, the larger the diameter 
of the semicircle, the larger the charge transfer resistance.  As seen in the figures, the 
smallest diameter semi-circle is observed for 5% Nd2O3 followed by 0% Nd2O3, 50% Nd2O3, 
and finally 75% Nd2O3.  The charge transfer resistance at the TiO2-Nd2O3/Dye/electrolyte 
interface is thus lowest for the 5% Nd2O3, which in turn improves the efficiency of the 
device. OH sites in TiO2 are considered as one reason for the increase in resistance in TiO2 
nanoparticles. The ATR-FTIR data in Figure 5.11 of 5% Nd2O3- doped TiO2 illustrates that 
the OH sites, indicated by the 3600 cm-1 band, disappeared. Furthermore, Figure 5.12A 
illustrates the electrochemistry data where a CV was run from 0 to -1 V at scan rate of 10 
mV/s in KCl solution. The charging current due to trap states became flat in the case of the 
Nd-modified electrodes. The reason and total understanding the phenomenon is still unclear. 
The normalized photovoltage decay curves for doped and undoped electrodes clearly shows 
that electron life time is short for the doped samples, meaning a better charge transfer charge 
transfer form conduction band to electrolyte (KSCN) in this case.  
To understand how the Nd2O3 might reduce the charge transfer resistance, consider the 
simple energy diagram of the Dye/TiO2/Nd2O3 system in the inset to Figure 5.10.  The 
Nd2O3 valence band edge (filled f and spd states) has been calculated to lie well within the 
TiO2 band gap, while the conduction band (spd states), and empty f-band lie above the band 
edge of the dye LUMO level.197-199  It is unlikely that the Nd2O3 would provide an additional 
transport path for the photo excited electrons from the dye since the conduction band energy 
is too high, and the f-states, while available, are localized states with high transport 
resistance.  However, it is known that TiO2 contains mid-gap surface trapping states that 
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capture injected charge from the dye and lower the efficiency.  It is possible that the Nd2O3 
acts to neutralize these states through charge transfer from photoexcited states 
(corresponding to the transitions shown in Figure 5.10), or from the Nd2O3 valence band.  
Injected electrons from the photo excited dye can then transfer through the TiO2 without 
being trapped, since the TiO2 trap states are occupied.
200   
In order to explore the reasons for high current density produced by doped samples, 
IPCE measurements were performed for optimized photoanodes but without scattering 
layers. The scattering layer was not used, which made it easier for measuring dye coverage 
 
Figure 5.11.   ATR-FTIR spectra of FTO/TiO2- 5% Nd2O3 (dark cyan) and FTO/TiO2 (red) 
photoanodes. OH site peak at 3695 cm-1 disappeared and H2O adsorbed mode is diminished in 
FTO/TiO2- 5% Nd2O3 photoanodes. 
 
Figure 5.12.   (A) Cyclic Voltammograms (CV) of ITO, ITO/TiO2, and ITO/TiO2-5%Nd2O3 in 
0.1 M KCl solution at pH6. (B)  Normalized photovoltage (Vph) decay curve of FTO/TiO2 (red), 
and FTO/TiO2-5%Nd2O3 (dark cyan) anodes in a beaker cell with three terminals in 0.5 M KSCN 
aqueous solution. 
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by utilizing transmission UV-vis spectroscopy. The current and efficiency will have a lower 
value than that of PAs with a scattering layer. Figures 5.13A-C shows the UV-vis 
absorption spectra, IPCE plots, and I-V curves of doped/undoped photoanodes made in a 
similar environment and every measurement was recorded immediately. The IPCE of doped 
samples shows greater than that of undoped samples. A property of a solar cell, called the 
Shockly-Queisser (S-Q) limit, can be determined by IPCE. An intrinsic solar device cannot 
produce current beyond the S-Q limit, however, by modifying its structure (i.e. tandem solar 
cells) with other materials, the S-Q limit might be achievable. For a TiO2/N719 dye solar 
 
Figure 5.13.  UV-vis absorption of FTO/TiO2/Dye and TiO2-Nd2O3 (20:1) nano-mesh composite 
(A). Incident photon-to-current conversion efficiency (B). I-V curve for the same photoanodes 
used to measure UV-vis and IPCE (C). Dye-soaking time period was 24 h. TiO2 and Nd2O3 
modified paste had double layers made by the doctor blade method. The thickness was 11 μm. 
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cell, the S-Q limit is around 23 mA/cm2. If the loss in solar intensity is considered, some of 
the doped devices gave current density beyond the S-Q limit. Doping TiO2 by Nd2O3 may 
be one of the strategies to beat the S-Q limit in dye-sensitized solar cells.   
5.4 Conclusions 
In conclusion, a dramatically improved efficiency has been observed in a DSSC 
incorporating a composite working electrode composed of a mixture of TiO2 nanoparticles 
and Nd2O3 mesoscale particles.  The addition of the large rare earth oxide particles greatly 
increases the dye uptake of the cell and reduces the charge transfer impedance from the dye 
into the electrode.   It is shown that the incorporation of rare earth oxides into photoanodes 
is a promising approach to improve the efficiency levels of DSSCs, and through variation in 
material and particle sizes it is anticipated that further improvements are possible 
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CHAPTER 6 
IMPROVED PHOTOVOLTAIC PERFORMANCE OF DYE-SENSITIZED SOLAR 
CELLS BY USING CHEMICALLY-LINKED GOLD NANOPARTICLES 
 
 
Surface modification of TiO2 can bring significant changes on TiO2. In Chapter 3 we 
prepared stable photoanodes by covalent modification of TiO2 with APTES and N719 dye; 
PAs did not degrade their PEC performance more than 6 months in air. Chapter 4 showed 
that surface modification can change the injection dynamics, but the change in injection rate 
was less than recombination of electrons with electrolyte suggesting that overall device 
photovoltaics performance should not be affected. In fact, the Voc, and FF increased with a 
little decrease in efficiency due to a decrease in current. In these devices, efficiency depends 
on the amount of dye loaded on TiO2. In Chapter 5, a dramatic increase in photocurrent was 
observed when commercial TiO2 paste was doped with micro-Nd2O3. Doped samples 
showed a higher capacity to load dye on the photoanodes. Experiments showed that  the 
increase in current is not only due to higher amounts of dye that the photoanodes can load, 
but also due to better charge transport from dye to FTO that Nd2O3 provided because it can 
possibly remove traps from TiO2 nanoparticles. A system that can be a tool to improve 
internal resistance to inhibit recombination but at the same time maintain a smooth flow of 
charge from dye to TiO2, FTO, and external circuit is developed in this chapter.   Here we 
describe a photoanode prepared by electrostatic attachment of 4 nm average diameter Au 
nanoparticles (NPs) onto mesoporous TiO2 through a silane linker, 3-
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aminopropyltriethoxysilane (APTES), prior to sensitization with N719 dye.  APTES 
increases resistances to recombination and Au NPs maintain the high photocurrent. The 
photoanodes were characterized by UV-vis spectroscopy, (ATR-FTIR), (SEM), (AFM), and 
(EIS) in order to determine the dye-coverage, chemical interaction, and interfacial charge 
transfer resistances relative to traditionally prepared photoanodes.  Ultrafast transient 
absorption spectroscopy (UTAS) confirms that there is ultrafast interfacial charge injection 
dynamics (<100 fs) from excited dye to TiO2 and that a higher percentage of adsorbed dye 
molecules are involved in the electron injection process, despite an increase in the distance 
between N719 dye and the TiO2. Even with the same dye-loading, the Au linked TiO2 dye 
PA showed the superior PEC performance. The photovoltaic measurements of the AuNP- 
modified photoanodes show an increase in short circuit current and open circuit voltage. The 
cell efficiency was 10.4% compared to 9.0% for traditional photoanodes. We compared our 
results to other reports using Au and AgNPs in DSSCs. One major difference in our study 
is the use of a linker molecule to attach the Au NPs, which improves both the open circuit 
voltage and short-circuit current. 
 
6.1 Introduction 
  Improving the efficiency and preparing stable devices by a better understanding of 
the photophysics and photochemistry of materials used in DSSCs are two major goals in 
DSSC research that may lead to commercialization someday. Since their early report, a great 
deal of research has been conducted to improve the device performance and understand its 
mechanisms.30   
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  The overall sunlight-to-electric-power conversion efficiency (PCE) in percentage 
(ɳ%) of a DSSC can be expressed mathematically as η% = [(Jsc x Voc x FF)/Pin]x 100%, 
where Jsc is short-current density, Voc is open-circuit photovoltage, FF is the fill factor of the 
device, and Pin is the power of incident solar light on the device.
22  There are several 
strategies to improve η%.  One way is to increase Jsc.  This can be achieved by maintaining 
the optical gap (the energy difference between HOMO and LUMO of dye) to <1.3 eV and 
retain the optimized charge collecting capacity by harvesting light up to 940 nm.11  Loading 
a higher amount of active dye on the mesoporous semiconductor film can also increase Jsc.  
By increasing the electron injection rate from excited dye to the conduction band of the 
semiconductor, Jsc can be increased.
201  Increasing the Voc will also improve η%.  This can 
be achieved by increasing the injection rate of excited electrons in the dye, decreasing the 
recombination of the injected electrons with electrolyte, and moving the Nernstian potential 
of the electrolyte more positive towards the ground state of the dye.202  FF is another 
important factor that correlates to the diode quality factor of a silicon P/N junction solar cell, 
which varies from 0 (non-ideal) to 1 (ideal).24  The diode quality for DSSCs becomes 1 for 
devices with perfect suppression of recombination and removal of all trapping states in 
mesoporous photoanodes.202  Several efforts have been made to improve the efficiency of 
DSSCs by optimizing these parameters.  
  One method for improving the efficiency of DSSCs is by altering the dye.  Examples 
include molecular engineering of panchromatic dyes to harvest solar light to the near IR 
region,203 modification of dye with alkyl chains to inhibit recombination,67 or development 
of new dyes with a higher extinction coefficient.204  Device efficiency can also be improved 
by creating a stronger interaction between the anchoring groups of dye and TiO2, which can 
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increase the electron injection rate.205  Semiconductor surface modification is another 
strategy.  Protonation of TiO2 surfaces can increase efficiency because of enhanced dye 
coupling, a higher injection rate, and lower charge transfer resistance.206  Nazeeruddin and 
coworkers improved device performance by surface modification of both the substrate 
(FTO) and TiO2 with TiCl4 before and after deposition of bilayers of 20 nm and 400 nm 
TiO2 paste on FTO.
27  The larger size TiO2 NPs increase light scattering and thus harvest 
more light, whereas TiCl4 treatment provides well connected bridges among nanoparticles, 
decreasing the charge transfer resistance.  Pre-modification of FTO by TiCl4 also suppresses 
recombination from the exposed part of FTO.  The formation of uniform, tight, and close-
packed electrodeposited TiO2 nanoparticles followed by deposition of TiO2 paste also 
increases efficiency.207  Lao reported an increase in efficiency when TiO2 was pre-modified 
by 3-aminopropyltriethoxysilane (APTES),99 which helps to suppress recombination at the 
semiconductor-electrolyte junction. Zhang exploited APTES for pre-and post- modification 
of photoanodes for higher efficiency DSSCs.100 
 An improvement in efficiency has been observed in TiO2 photoanodes by surface 
modification with metal hydroxides having higher or lower band gaps.23,208  Metal 
hydroxide, such as Mg(OH)2 can create more OH sites needed for higher dye-loading.  Metal 
oxides, such as SnO2, ZnO, and Nb2O3, improve efficiency by suppressing recombination 
and creating a staircase of energy levels to facilitate the downward flow of excited electrons 
towards the contact.  Quantum dots have recently been employed in DSSCs primarily 
because of their tunable band gap, high photostability, broad excitation spectra, high 
extinction coefficient, and multiple exciton generation.209  Unfortunately, they show poor 
orbital coupling with semiconductor oxides such as TiO2 and a low overall power conversion 
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efficiency.210  Recently, polymer,211 aluminum,212 and a virus based template213 have been 
used to improve the efficiency of DSSCs by increasing dye-uptake and reducing internal 
charge transfer resistance by making well-ordered nanoparticles with improved 
interconnection among them.  Different architectures of semiconductors, such as nanowires, 
nanosheets, opal photonic crystals, and nanotubes, help to remove trap sites, but the 
efficiency is often low because of low dye coverage.214-216   
 The incorporation of metallic nanostructures into DSSCs has also led to improvements 
in efficiency of devices.  Au and Ag nanostructures have been used as sensitizers217 or in 
TiO2-Au or TiO2-Ag semiconductor-metal nanocomposites.
218,219  Because of their 
plasmonic and conductive properties, Au NPs have an extremely large absorption coefficient 
compared with usual dye molecules,154 the ability to facilitate transfer of excited electrons 
from dye to semiconductor,220 and ability to regenerate dye through plasmons more quickly 
than from the redox couple.221  Au nanoparticles incorporated into TiO2 shift the Fermi level 
negative compared to the redox couple, increasing the driving force for electrons to move to 
the external circuit.222  Au has a higher dielectric constant compared to the liquid redox 
couple in solution,218 leading to a reduction in recombination centers by screening the 
electrons from to TiO2.
218   
   Ihara and co-workers in 1997 showed a 149-fold increase in absorption of N719 dye 
when combined with Ag islands, which paved the way for the use of metal plasmons  in 
DSSC technology.219  Standridge and co-workers showed an increase in the extinction 
coefficient of N3 dye on Al2O3-coated Ag and used an Ag-TiO2 core to improve the 
photocurrent in DSSCs in solid state devices.223  Wen and co-workers coupled N3 dye with 
thermally evaporated Ag islands of 3.3 nm on TiO2 and reported the absorption of the solar 
137 
 
spectrum beyond 796 nm with enhanced photocurrent.224 Creating grating surfaces of 
polycarbonate on FTO and depositing TiO2-Au nanocomposites, Baba showed an increase 
in short circuit current mainly because of the grating-coupled surface plasmon resonance 
field providing enhancement in the absorption of a porphyrin dye.225  Ding and co-workers 
used nanoimprint lithography to make TiO2/Z709/Spiro-OMeTAD/Ag NP solid state dye-
sensitized solar cells (ss-DSSC)  and improved the efficiency from 3.15 to 5.93%.226   
 Theory suggests that metal plasmons can improve all of the PEC parameters of a DSSC, 
but a literature survey of up to 30 journals Table 6.1 and 6.2 shows only a few strategies 
actually are successful to improve overall PEC parameters.  Kamat and coworkers showed 
that plasmon effect enhance photocurrent, but not photovoltage, unless they are coated with 
an insulator such as SiO2.
154   Coating Ag and Au nanoparticles with SiO2 also improves the 
device stability in the I¯/I3
¯ electrolyte as described by Standridge and Brown.227,218  Kamat 
and coworkers mixed 5-6 nm octylamine-capped Au nanoparticles with TiO2 in a 7:1000 
ratio and heated them to 500 oC before dye-loading, improving the efficiency from 9.37 to 
10.21%.  Wang and co-workers obtained 10.8% efficient DSSCs by mixing 5 nm Au 
nanoparticles with TiO2 in a 2:1000 ratio, which was a 13% improvement.  This is the 
maximum efficiency reported so far using metal plasmons in DSSCs.228  Recently, 
Gangishetty and co-workers improved the efficiency from 5.6 to 7.4% by using SiO2-coated 
triangular Ag nanoplates, which can absorb near-IR solar light when incorporated with 
dye.227 DSSCs with plasmonic nanostructures usually show improvements in photocurrent 
and overall efficiency, but not usually Voc and FF.  There is therefore still room for 
improvement in the use of plasmonic nanostructures for solar cell applications.  
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 In this work, we immobilize 4 nm diameter Au NPs onto mesoporous TiO2 using a 
molecular linker, 3-aminopropyltriethoxysilane (APTES), and adsorb N719 dye onto the 
TiO2/APTES/Au NPs film.  This strategy is very different compared to almost all other 
strategies, which incorporate the metal nanostructures into the TiO2 paste before preparation 
and calcination and then adsorb dye to the TiO2-metal nanostructures composite. Our 
  Table 6.1.  General survey of literature for the study of PEC parameters of a DSSC. 
 
139 
 
semiconductor material is not a mixed nanocomposite. It is instead a layered 
TiO2/APTES/Au NPs material.  With nanocomposites, the sintering prior to dye-loading 
removes all of the organic material used to stabilize the metal NPs.  While the molecular 
linker may decrease the rate of electron injection, Au NPs facilitate electron transfer.229  
Also, the presence of the molecular linker can reduce recombination to increase Voc.  
Importantly, the N719 dye interacts well with the high surface area Au NPs, providing large 
dye loading.230  The synthesis and deposition of Au NPs on TiO2 in this manner is a simple 
two-step process. The use of molecular linkers for incorporating metallic plasmonic 
nanostructures into DSSCs is a promising avenue to improve efficiency and has significant 
potential for commercialization. Study of this novel DSSC also helps us to better our 
understanding of the photovoltaic processes. 
 
Table 6.2.  General survey of literature for the study of PEC parameters of a DSSC 
continue from table one. These are reported for low efficiency. 
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6.2 Experimental Details 
 Preparation of TiO2 Film. Dyesol TiO2 paste was used as available without further 
treatment. FTO slides were cleaned by sonication in acetone, ethanol and IPA for 10 min 
each, and at the end rinsed with IPA, and dried under a stream of N2 gas. The paste was 
deposited on the FTO slide by screen printing or the doctor blade method. Prior to TiO2 
deposition, FTO slides were treated with TiCl4 by soaking in 40 mM TiCl4 solution at 70 
oC 
for 30 min.27  A 1.0 cm2 area was made on the 90 T screen printer and TiO2 was deposited 
on the FTO slide three times to obtain a thickness of 8.75 ± 0.85 µm.  The deposited paste 
was first heated at 125 oC for at least 6 min to level the viscous paste on FTO and then 
sintered at 500 oC for 1 h in a 1300 BL Barnstead Thermolyne Furnace.  The sintered TiO2 
film was post-treated with TiCl4 in the same fashion and sintered again at 500 
oC for 1 h.  
The same procedure was adopted for the doctor blade method, except that the TiO2 paste 
was exposed to ethanol vapor before leveling at 125 oC. To get the optimized 
photoelectrochemical (PEC) parameters, an extra scattering layer was deposited on the TiO2 
paste, exposed to ethanol for 1 min, heated at 125 oC to level the paste, sintered at 500 °C, 
and treated with TiCl4 again. Finally, different areas (0.30 cm
2, 0.25 cm2 and 0.16 cm2) of 
TiO2 paste were made by gently removing extra TiO2 with a sharp blade. This electrode is 
referred to as an FTO/TiO2 electrode. 
 TiO2 Functionalization with APTES linker.  The FTO/TiO2 electrode was placed 
inside a solution containing 10 mL of IPA, 100 µL of APTES, and 3-4 drops of nanopure 
water.108  The solution was placed in a water bath at 70 C for 30 min.  The electrode was 
rinsed thoroughly with IPA and dried under a N2 stream for 1 min.
  This is referred to as an 
FTO/TiO2/APTES electrode. 
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 Gold nanoparticles (Au NPs) Modification.  Au NPs of 4 nm average diameter were 
synthesized as described in literature.231  Briefly, 147 µL of 1% sodium citrate solution was 
added in 20 mL of vigorously stirred 2.5 х 10‒4 M AuCl4‒ solution. Next, 0.6 mL of ice-cold 
aqueous 0.1 M sodium borohydride was added at once.  The slightly yellowish solution 
turned into a red wine color.  The Au NP solution was stirred at least 2 h continuously.  The 
FTO/TiO2/APTES electrodes were soaked in the Au NP solution for 15 min to attach Au 
NPs electrostatically.98  This is referred to as an FTO/TiO2/APTES/AuNPs electrode. 
 Dye Sensitization. Sensitization of the FTO/TiO2, FTO/TiO2/APTES, and 
FTO/TiO2/APTES/AuNPs electrodes was achieved by immersing the electrodes into a 0.3 
mM solution of N719 dye in a 1:1 mixture of acetonitrile and t-butanol for appropriate 
amount of time to load the same amount of dye on TiO2. These are referred to as 
FTO/TiO2/Dye, FTO/TiO2/APTES/Dye, and FTO/TiO2/APTES/AuNPs/Dye electrodes. 
To get optimized values of the PEC parameters, FTO/TiO2 and FTO/TiO2/APTES/AuNPs 
electrodes were soaked in dye solution for 24 h.  To get similar coverages, the PAs were 
soaked in dye for various times as described in the main text. 
 PEC Measurements. The N719 dye-sensitized photoanodes acted as the working 
electrode.  A counter electrode was produced by coating a cleaned FTO slide with a drop of 
Platisol and heating to 500 oC for 20 min.  Both the working electrode and counter electrode 
were silver painted on the edges of the conductive sides to produce good electrical contact. 
The PEC parameters were measured in sandwiched cells prepared by sealing with Surlyn 
(plastic ionomer) inserted between the working electrode and counter electrode and heating 
at 125 oC for a minutes by placing in a thermal press.  Liquid electrolyte was filled into the 
mesoporous films by vacuum back filling and the hole was first sealed by liquid sealant and 
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second by liquid Crystalbond adhesive wax bought from Ted Pella Inc., USA. When surlyn 
sealant is placed on top of the hole, a hot (around 240 oC) soldering rod is gently placed on 
the sealant, the sealant melts and fills the hole. Good electrical contact was made by 
soldering indium chunk metal on exposed parts of the conductive sides of PA and CE. The 
cells were illuminated with simulated 1.5 AM solar light (Newport Oriel, USA). The  power 
density was maintained at 100 mW/cm2.  Current-voltage curves were obtained by applying 
an external bias to the cells and measuring the current with a Model 273A EG&G Princeton 
Applied Research Potentiostat. The intensity of the light was set based on the voltage 
response of a commercially purchased, calibrated 1 cm2 reference silicon solar cell from 
Abet Technologies, Inc., USA with in-built KG5 filter (uncertainty = 8%).  The light source 
was set to 1 Sun by adjusting the light intensity until the reference silicon solar cell gave a 
reading of 100 mV as measured by a voltmeter.  A homemade optical sample holder was 
used to mount the reference silicon solar cell.  After setting the light intensity, the reference 
silicon solar cell was replaced with the fabricated dye-sensitized solar cell (DSSC) under 
study in the same location at the same distance from the light source as dictated by the optical 
holder. The devices were masked by sticky black paper tape with an open window area of 
0.16 cm2 prepared by a laser printer. Black electrical tape was used to seal all edges of the 
DSSC devices in order to prevent light piping.      
 Spectroscopic Characterization.  Absorption spectra of the photoanodes were 
measured with a Varian Cary 50 Win UV-vis spectrophotometer (Australia).  ATR-FTIR 
(Perkin Elmer, Spectrum series 100) spectroscopy measurements were performed before 
and after dye attachment to confirm the surface chemistry.  The photoanodes were placed 
upside down onto the ZnSe crystal in the ATR-FTIR spectrometer and held at a pressure of 
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80 psi.  The spectrometer was scanned from 500 to 4000 cm-1 at a resolution of 4 cm-1.  
Electrochemical impedance spectroscopy measurements were performed using a CHI 660a 
electrochemical workstation.  A 10 mV AC perturbation at open circuit voltage was applied 
with a frequency range of 100 kHz to 10 MHz.  The photoanodes were maintained at the 
open circuit voltage by being illuminated with white light from an optical fiber-coupled 
radiation source (Fiber Optic Illuminator Model 190, Dolan-Jenner, USA). The DSSCs were 
connected in a two-terminal configuration.  The photoanode was connected as the working 
electrode and the platinum counter electrode was connected to the reference and counter 
electrode. 
 
6.3 Results  
 Film Preparation and Imaging. We assembled three different types of photoanodes as 
described in the experimental section, namely FTO/TiO2/Dye, FTO/TiO2/APTES/Dye, and 
FTO/TiO2/APTES/AuNPs/Dye.  A detailed scheme of the three photoanodes is shown in 
Scheme 6.1 and Scheme 6.2, which also shows the different dye bonding interactions.  In 
conventional FTO/TiO2/Dye photoanodes, dye attaches directly to TiO2 by bidentate 
bridging to Ti or through OH sites via hydrogen bonding.70  In the FTO/TiO2/APTES 
photoanode, dye can be attach directly to TiO2 (Ti or OH sites), or to the NH2/NH3
+ sites of 
APTES (electrostatically or by H-bonding).  N719 dye may bind to Au NP modified 
photoanodes through the thiocyanate by an Au-S bond.230 
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Scheme 6.1.  Illustration of potential dye location on FTO/TiO2, FTO/TiO2/APTES, and 
FTO/TiO2/APTES/Au NPs. 
 
Scheme 6.2.  Illustration of potential interactions of dye in FTO/TiO2, FTO/TiO2/APTES, and 
FTO/TiO2/APTES/Au NPs. 
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  Figure 6.1 shows SEM images of FTO/TiO2 (Frame A) and FTO/TiO2/APTES/AuNPs 
(Frame B) of electrodes to be used as photoanodes.  The darker grey mesoporous network 
of 18-50 nm diameter nanoparticles is the TiO2 film as shown in Frame A. Figure 6.1B also  
shows this same mesoporous network, but with brighter spots on top of it, which represent 
the smaller sized (~3-6 nm diameter) Au NPs on top of the TiO2. Larger sizes of TiO2 or Au 
NPs are due to aggregates. Figure 6.2 shows AFM images of FTO/TiO2 (Frame A) and 
FTO/TiO2/APTES/AuNPs (Frame B) photoanodes. The AFM image of FTO/TiO2 shows 
 
Figure 6.1. SEM images of (A) TiO2 and                   Figure 6.2.  AFM images of (A) TiO2 and   
                    (B) TiO2/APTES/AuNPs                                         (B) TiO2/APTES/AuNPs  
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the nanostructure of the thin film. The FTO/TiO2/APTES/AuNPs surface looks similar but 
also had small nanoscale bumps on the surface attributed to the Au NPs. This reveals fairly 
a large number of coverage of Au NPs on the surface. The image of the 
FTO/TIO2/APTES/AuNPs, which we attribute to the ~4 nm diameter Au NPs attached to 
the surface through APTES.  Although it is hard to quantify, there appears to be a substantial 
coverage of Au NPs on the TiO2 surface.  The SEM and AFM images confirm attachment 
of the Au NPs and give a general idea of the coverage.  
  Spectroscopic Characterization. Figure 6.3 shows ATR-FTIR spectra of the three 
different photoanodes before sensitization with N719 dye.  The FTO/TiO2 electrode has two 
peaks around 3300-3600 cm-1 and 1630 cm-1, due to stretching and bending modes of water 
molecules adsorbed on TiO2, respectively.
232  After chemical modification of TiO2 with 
APTES, new peaks at 2923 cm-1 (CH2, sym) and 2888 cm
-1 (CH2, asym) appeared in addition 
to that at 1580 cm-1 (deformed NH3
+).  A peak at 1105 cm-1 attributed to Si-O-Si bonds also 
appeared.  The peak at 1580 cm-1 confirms the binding of APTES and formation of free 
amine layer on TiO2.
100  Following electrostatic attachment of citrate-capped, negatively-
 
Figure 6.3.  ATR-FTIR spectroscopy of FTO/TiO2 (red), FTO/TiO2/APTES (green), and 
FTO/TiO2/APTES/AuNPs (blue). 
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charged gold nanoparticles to the NH2/NH3
+ groups, the spectrum looked very similar, 
making it difficult to confirm Au NPs attachment by FTIR.  
  Figure 6.4 also shows the ATR-FIR spectra of the three photoanodes after dye 
sensitization.  In all IR spectra, the peaks at 1604 and 1375 cm-1 correspond to the 
asymmetric and symmetric stretch of the carboxylate group of dye, respectively.  The peak 
at 1542 cm-1 corresponds to the bipyridyl group and the peak at 2109 cm-1 is due to the CN 
stretch from the two SCN ligands on each N719 dye molecule.  These peaks confirm dye 
attachment to the PAs in all cases. The peak at 1720 cm-1 is due to protonated COOH groups 
on dye, showing that not all of the groups are bound as carboxylates.  The free COOH peak 
is more prevalent in FTO/TiO2/Dye and FTO/TiO2/APTES/AuNPs/Dye photoanodes.  The 
dye peaks are very similar in all PAs actually, suggesting that the presence of APTES and 
Au NPs does not change the chemical environment of the dye significantly. 
  Figure 6.5 compares the UV-vis spectrum and I-V curves of DSSCs with 
FTO/TiO2/Dye and FTO/TiO2/APTES/AuNPs/Dye PAs that were prepared with a screen-
printed film of 18 nm TiO2 NPs paste and no scattering layer to allow UV-vis spectroscopy 
 
Figure 6.4.  ATR-FTIR spectroscopy of conventional FTO/TiO2/Dye (red) FTO/TiO2/APTES 
/Dye (green) and FTO/TiO2/APTES/AuNPs/Dye (blue). 
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measurements.  They were soaked in dye solution for 24 h and in pure solvent for 3 h to 
remove weakly bound dye.130  There is slightly higher dye coverage on the PAs with Au 
NPs as evidenced by the higher absorbance values of the MLCT peak for dye ~530 nm.  
 
Figure 6.5. UV-Vis spectra (A) and I-V curves (B) of FTO/TiO2/Dye (red) and 
FTO/TiO2/APTES/AuNPs/Dye (blue) photoanodes.  The TiO2 paste was made from DSL 18NR-
T by screen printing, the area was 0.25 cm2, and there was no scattering layer to allow UV-vis 
analysis. The efficiency of the DSSC modified with Au NPs showed a 35% increase in efficiency 
by increasing both photocurrent and photovoltage.               
Table 6.3.  PEC parameters for screen printed PAs. 
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Note that Au NPs do not contribute to the spectrum since they were background subtracted.  
The efficiency of the DSSC with Au NPs is higher (8.8±0.1%) compared to the traditional 
DSSC (6.5±0.9%). Table 6.3 summarizes the PEC parameters of the PAs.  Modification 
with Au NPs increases both short circuit current, Jsc, open circuit voltage Voc, and FF is also 
increased by about 6%. The overall efficiency increased by 36% upon attachment of Au NPs 
through the APTES linker with this preparation method. 
  The DSSCs in Figure 6.5 were not optimized for highest efficiency.  Literature 
reports show traditional DSSCs with efficiencies in the 9-10% range.  In order to reach that 
level with our traditional DSSCs, we deposited two layers of paste by the doctor blade 
method included a TiO2 scattering layer.  As showing in Figure 6.6, our traditional DSSCs 
prepared with such conditions displayed an efficiency of 9.0%, which is closer to those 
reported in the literature.  When we prepared the PA the same way, but also attached Au 
NPs through the APTES linker before dye adsorption, we obtained a maximum efficiency 
of 10.4%.  Figure 6.6 shows I-V curves for all DSSCs prepared for this project. The increase 
is again the result of increased photocurrent and photovoltage.  The statistics of photoanodes 
made in the lab is illustrated in Table 6.4.  A bar plot for PEC parameters for all batches 
of PAs are shown in Figure 6.7. In most cases, AuNP- modified PAs showed the 
improvements in overall PEC values for samples prepared in the same day. The colors in 
Figure 6.6 are designated for batch number. The same color on both figures means same 
day preparation. Since the efficiency depends on dye coverage and the dye coverage is larger 
for the AuNP-modified DSSCs, we prepared PAs with the same dye loading to determine if 
there are other factors that lead to higher efficiency for the DSSCs with Au NPs.  We used 
the metal-to-ligand charge transfer (MLCT) peaks in the UV-vis spectra as a measure of dye 
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coverage and prepared all single layer TiO2 films without scattering layer.  Figure 6.8A 
shows the UV-vis spectra of FTO/TiO2/Dye, FTO/TiO2/APTES/Dye, and 
FTO/TiO2/APTES/AuNPs/Dye with the almost equal absorbance levels. This confirms that 
each PA was loaded with a similar amount of dye. The metal-to-ligand charge transfer 
(MLCT) peak of the dye on FTO/TiO2/APTES/AuNPs/Dye is slightly more blue-shifted 
 
Figure 6.6.  (A) Photocurrent-photovoltage plots by batch number for AuNP-modified 
photoanodes and (B) TiO2 photoanodes. Each batch contains two or three devices and the plots 
contain average values of I-V curve from each batch, Blue, green, red, pink, and cyan colors 
denoted batch numbers 1, 2, 3, 4, and 5, respectively. 
Table 6.4. PEC parameters for all AuNP-modified and conventional PAs. 
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than that of FTO/TiO2/Dye, but slightly more red-shifted than that of 
FTO/TiO2/APTES/Dye.  The blue-shift on AuNP-modified PAs is due to the less interaction 
between N719 dye and the TiO2 NPs, nonetheless Au can interact with the dye and move 
the MLCT slightly red-shifted in comparison to FTO/TiO2/APTES/Dye.  We measured the 
incident to photon conversion efficiency (IPCE) of the same PAs shown in Figure 6.8B. 
The IPCE value was largest for the FTO/TiO2/APTES/AuNPs/Dye PA, which was ~70% at 
520 nm.  The IPCE value for the conventional PA was near 50% at 530 nm, which is similar 
to the value reported in literature.233  The IPCE value for the FTO/TiO2/APTES PA was 
only 28% at 550 nm. The I-V curves for the three PAs are shown in Figure 6.5C.  The Au 
NPs modified PA showed the largest efficiency, which is ~30% more than the traditional 
DSSC.  Since the photon absorption by the dye is the same on all PAs, the increase in 
 
Figure 6.7.  Bar plot of current density ( A), photovoltage ( B), efficiency in percentage (C), and 
fill factor (Figure D) of linker assisted AuNP-modified photoanodes (blue) and TiO2 only 
photoanodes (red). Increase in efficiency of the devices is not only due to the enhancement of 
current but also due to the increase of photovoltage.  A few devices have lower current densities, 
but, the other parameters (Voc, η, and FF) remained the same.  
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efficiency can be attributed to the properties of the Au NPs and not just to higher dye 
coverage in the earlier plots (Figures 6.5). Figure 6.9 shows the UV-vis peaks for desorbed 
dye by using 0.05 M aqueous solution of KOH and I-V curves before desorption measured 
from Beaker cell of the similar types of PAs as shown in Figure 6.8. I-V curves in Figure 
6.9B shows the increase in current for AuNP-modified PAs was 25 %. Again, the increase 
in efficiency can be attributed to the properties of the Au NPs incorporated into TiO2. 
 We obtained EIS data for the different PAs with the same dye coverage as shown in 
Figure 6.10. The resistance in the TiO2 mesoporous region, Rct, was the largest for 
FTO/TiO2/APTES/Dye PAs and lowest for FTO/TiO2/Dye PAs.  The Rct is slightly higher 
for FTO/TiO2/APTES/AuNPs/Dye PAs compared to FTO/TiO2/Dye PAs when the dye 
coverage is the same. The electron lifetime is related to the 1/frequency value at the middle 
of the semicircle on the Nyquist plot.  Consistent with a lower Rct, the 1/frequency value 
was the smallest for the FTO/TiO2/Dye PA.  It is difficult to conclude from EIS data, 
 
Figure 6. 8.  Figure (A) UV-vis spectra of FTO/TiO2/Dye (red), FTO/TiO2/APTES/Dye (green), 
and FTO/TiO2/APTES/AuNPs/Dye (blue) PAs, (B) IPCE of the corresponding photoanodes, and 
(C) I-V curves of  the same devices. Dye-loading was the same for all PAs, and the area of all 
PAs was 0.30 cm2. The dash lines are dark I-V curves. 
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however, since Rct was larger for the AuNP-modified PAs at the same coverage, it is likely 
that the lower Rct value for the optimized PAs was due to the higher dye coverage and not 
an intrinsic property of the Au NPs that lowered the resistance of the TiO2 film. 
  To further our understanding of the role of Au NPs in the improved efficiency of 
DSSCs, we performed ultrafast transient absorption spectroscopy to investigate the electron 
injection process in all there PAs. The experimental apparatus was described in detail in 
Chapter 2 and 4. In brief, the photoinduced processes in the PAs were pumped at 530 nm 
and probed by a white light source and a near infrared source at 860 nm. The transient 
absorption spectrum probed at 860 nm illustrates the excited-state kinetics of dye (Figure 
6.11).  The charge transfer dynamics did not change significantly for AuNP-modified PA 
(FTO/TiO2/APTES/AuNPs/Dye) as compared to conventional PA (FTO/TiO2/Dye).  In both 
PAs, the time scale of the electron injection process from excited-state dye to TiO2 is below 
50 fs. In comparison, the electron injection process is retarded in FTO/TiO2/APTES/Dye 
(above 70 fs), but still significantly faster than charge recombination.  Figure 6.11 shows a 
 
Figure 6.9.  (A) UV-Vis of aliquots of N719 dye desorbed from FTO/TiO2/Dye (red), 
FTO/TiO2APTES/Dye (green), and FTO/TiO2/APTES/Au/Dye (blue). (B) I-V curves 
FTO/TiO2/Dye (red), FTO/TiO2APTES/Dye (green), and FTO/TiO2/APTES/Au/Dye (blue).  
The I-V curves were measured from beaker cells. 
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comparison of the injection rates for all three types of PAs with the slow component denoted 
by the magnitude of the baseline.  The slow component of the decay kinetics is due to 
electron injection either from the triplet states of the dye135 or from multilayer dye (or weakly 
coupled dye) molecules.234  A baseline close to zero in the decay kinetics of the Au NP-
modified PA indicates that all dye molecules are active and strongly interacting with TiO2, 
and therefore contributing to the photoelectrochemical process.  A non-zero baseline was 
observed in decay kinetics of the other two PAs.  Such comparison suggests that Au NPs 
allow a greater percentage of dye molecules to be well-coupled to the TiO2 and participate 
in the electron injection process.  A zero baseline means that this PA allows both higher dye 
coverage, and that almost all dye molecules are undergoing the electron injection process on 
the fs timescale.  In contrast, the other PAs have smaller overall dye coverage along with a 
certain percentage of them not strongly coupled to TiO2 and therefore not contributing to 
the photocurrent.  Those that contribute exhibit fs electron injection times, but not all dye 
molecules contribute.  It is possible that the Au NPs facilitate long-range electron injection 
 
 
Figure 6.10.  EIS plot for FTO/TiO2/Dye (red solid square), FTO/TiO2/APTES /Dye (green solid 
circle, and FTO/TiO2/APTES/AuNPs/Dye (blue solid sphere) photoanodes   having similar dye 
coverage.  
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from weakly-coupled or multilayer dye molecules or aggregates, improving the overall 
efficiency. 
  Murakoshi revealed that strong orbital coupling between N719 and TiO2 increases 
Jsc but decreases Voc.  This is because a large number of electrons in the COO
¯ anchoring 
groups will be gathered after excitation of the dye by light.  Because of the proximity of the 
conduction band (CB) and LUMO of N719 dye, the electron injection rates will also increase 
upon photo-irradiation.  The electron injection process produces a large number of electrons 
in the TiO2 CB within a very short period of time, which, in turn, increases the probability 
of recombination with the electrolyte and dye itself.  The introduction of APTES in between 
TiO2 and dye creates an indirect interaction with the dye.  This may inhibit charge 
recombination with TiO2 and electrolyte, which, in turn, increases the Fermi level. This 
 
Figure 6.11.  Comparisons of injection time scales for FTO/TiO2/Dye (red, traditional), 
FTO/TiO2/APTES/Dye (green), and FTO/TiO2/APTES/AuNPs/Dye (blue). Ʈ denotes the 
ultrafast time scale for excited electrons to go from LUMO to conduction band of TiO2. The 
ultrafast injection dynamics are the fastest in Au NPs modified photoanodes. 
ƮTiO2/APTES/Au/Dye > ƮTiO2/Dye > ƮTiO2/APTES/Dye 
<38fs           <48s           < 73fs 
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increases Voc  as observed in our results from PAs with the APTES linker (with and without 
Au NPs).100   
 The FTO/TiO2/APTES/Dye has a higher Voc compared to the traditional FTO/TiO2/Dye 
PA, but a lower Jsc.  The lower Jsc is likely due to a larger percentage of dye molecules 
weakly coupled or aggregated on the TiO2 surface and not participating in the electron 
injection process, as determined by transient absorption measurements.  By attaching the Au 
NPs to the APTES layer, the device gets the benefit from the increased Voc due to the APTES 
layer and a larger amount of dye loading. More importantly, a larger percentage of dye 
molecules are involved in the electron injection process, as indicated by the almost zero 
baseline in the transient absorption spectrum.    
 Previous reports have shown that Au NPs may also increase the Fermi-level in the 
interfacial region, which helps increase the driving force of the system and increases the 
value of Voc.
222   Plasmonic Au NPs are also known to help transfer charge over a long range 
up to Foster resonance distances.223  Dark current measurement can determine the 
recombination rates in the real devices because a higher bias potential required to produce 
dark current means higher blockage power for recombination.235  In those devices, Voc 
increased under operating conditions.  The conventional FTO/TiO2/Dye PA required a lower 
bias voltage to produce a dark current compared to FTO/TiO2/APTES/Dye and 
FTO/TiO2/APTES/Au/NP/Dye PAs, consistent with aforementioned hypothesis. 
 
6.4 Conclusions   
  The effect of attaching plasmonic Au NPs on PAs used for DSSCs has been studied. 
A molecular linker that can interact strongly with Au NPs and form a monolayer on the 
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metal oxide facilitates long-range charge transfer processes in the interfacial region.  The 
use of a molecular linker can be conducive to optimize device performance thanks to the 
improvements of three main aspects: suppression of back reaction from back contact (FTO), 
reduction in recombination of electrons in TiO2 to electrolyte, and increasing driving force 
by increasing the Fermi-level of electrons in TiO2. An alkyl chain of APTES can provide a 
one-way channel for electron transfer (ET) from excited dye to back contact (FTO).  
Additionally, APTES can equally react with exposed and non-exposed parts of FTO.  
Therefore, ET from FTO to electrolyte can be inhibited, which can be clearly observed in 
the increase in the open circuit photovoltage (Voc). Without Au NPs, FTO/TiO2/APTES/Dye 
PAs have a current lower than that of the conventional PAs.  However, having Au NPs 
attached on APTES increased Jsc as well as Voc, though Voc is slightly less than that of 
APTES alone.  Attaching Au NPs on APTES is an easy and reproducible process and hence 
a feasible method to improve the efficiency of DSSCs. Attaching the Au NPs to the outer 
surface chemically is highly controlled and offers the potential to learn the fundamentals of 
the process. 
  Ultrafast transient absorption spectroscopy shows less effect Au NPs on the injection 
dynamics than devices with linkers only, which is required for the optimization of PCE 
parameters. This research can be extended to other dyes which can combine strongly with 
plasmonic Au NPs and replace Ru-complexes since it is a rare earth metal. Au is corrosive 
to I¯/I3
¯, therefore, an alternate electrolyte eco-friendly to Au will be required in the future.
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CHAPTER 7 
GLOBAL CONCLUSIONS AND FUTURE DIRECTIONS 
 
 
7.1 Surface Chemistry 
Stable and efficient dye-sensitized solar cells were prepared utilizing the principle 
of surface modification for TiO2 nanoparticles (15-35 nm) with organic modifiers such as 
APTES and APhS. DCC and DMAP can induce the formation of an amide bond between 
the COOH/COO¯ anchor group of N719 dye and the NH2 formed on TiO2.  In Chapter 3, it 
is found that covalent amide bonding of N719 through silane linker to TiO2 improves 
stability to air moisture, heat, UV light, and acid in comparison to traditional photoanodes. 
The improvement is related to the preservation of SCN ligand on N719 on covalently-linked 
PAs. The covalent linkage results in the formation of multilayer dye that lowers efficiency 
under normal soaking time (24 h). Removal of multilayers of dye by acid or by soaking less 
time in dye solution can increase the efficiency close to traditional photoanodes. This PA 
with covalently-linked dye can offer better advantage of being stable structure. The 
photovoltage and fill factor were improved in spite of a little decrease in photocurrent. This 
is an advantage of covalently-linked PAs.   
 Chapter 4 showed the fundamental insight of charge dynamics in covalent and 
conventional (non-covalent) PAs. Electron injection is slower in covalent photoanodes than 
conventional; however, it is still faster than the charge recombination to dye molecules and 
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the electrolyte as well. Photoanodes covalently-linked with aromatic linkers showed faster 
injections dynamics and improved PCE. The covalently-linked N719 dye with aromatic 
linker also showed the same stability towards heat, water, and UV light. Multilayer 
formation is still an issue but can be solved by controlling the time of soaking for covalent 
photoanodes. 
  
7.2 Combination of Bulk and Nanoparticles 
            Chapter 5 showed the profound enhancement of photocurrent by 20-30% as 
compared to traditional PAs when micro-sized Nd2O3 particles were doped into TiO2 in the 
ratio of 20:1. In spite of drastically changing the morphology of the surface of TiO2 by 
Nd2O3 creating several voids and cracks as observed in SEM images, the UV-vis shows 
higher dye-coverage on those Nd-doped samples. The samples containing only Nd2O3 did 
not show any affinity towards the dye. Impedance spectroscopy shows that there is a 
possibility of removing trap states of the TiO2 nanosurface by Nd2O3, because sample doped 
with 5%Nd2O3 showed reduced internal resistance. Diffuse reflectance spectroscopy 
showed the electronic transitions from f-states of Nd2O3 in the nano-micro composite 
mesoporous films. When energy levels are compared betweeenTiO2 and Nd2O3, the f-states 
are near the trap states of TiO2. Similar dye-coverage samples doped with 5% Nd2O3 gave 
the higher IPCE values than the undoped samples, also consistent with the improved 
efficiency. 
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7.3 Nanostructured Materials 
Today’s world is a world of nanostructured materials. Nanostructured materials are 
applicable to many areas of research such as physics, chemistry, engineering, biology, and 
medicine. Chapter 6 described the fabrication of high-efficiency devices by electrostatically 
attaching negatively-charged gold nanoparticles (~ 3-5 nm in diameter) to protonated amines 
formed on the surface of TiO2. This technique is unique because it improved the overall 
photoelectrochemical parameters such as photocurrent density (j), photovoltage (Voc), fill 
factor (FF), and efficiency (ƞ%).  APTES inhibits charge recombination, whereas Au NPs 
can facilitate a faster injection rate from N719 dye to TiO2 at long range distances. In 
addition, Au NPs can harvest more light unabsorbed by N719 because Au NPs have a 
plasmon absorption band in the red light region where the dye absorbs light. 
 
7.4 Plasmon Enhanced Charge Transfer Dynamics at Nanoscale 
Charge transfer dynamics in DSSCs using ultrafast transient absorption spectroscopy 
(UTAS) was discussed in Chapters 4 and 6. The photoanodes were first excited by 530 nm 
laser light and the fate of the excited electrons were probed by 860 nm laser light. Ultrafast 
injection dynamics were the fastest in AuNP- modified photoanodes in the order: 
                                     ƮTiO2/APTES/Au/Dye > ƮTiO2/Dye > ƮTiO2/APTES/Dye 
                                                                     <38fs           <48s           < 73fs 
where ʈ denotes the injection time scale of excited electron from dye to the TiO2 conduction 
band. 
In decay dynamics, the baseline curve is due to slow components of charge injection 
from N719 dye to the conduction band of the TiO2; these are either from the triplet states of 
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the dye or from the multilayer dye (or weakly coupled dye) molecules.  A baseline close to 
zero in the decay kinetics of the AuNP-modified PAs indicates that all dye molecules are 
actively and strongly interacting with TiO2, and therefore contributing to the 
photoelectrochemical processes.  A non-zero baseline was observed in the decay kinetics of 
the other two types of PAs, TiO2/N719 and TiO2/APTES/N719.  Such comparison suggests 
that Au NPs allow a greater percentage of dye molecules to be well-coupled to the TiO2 and 
participate in the electron injection process. The fastest injection dynamics are not always 
correlated to an increase in photocurrent. In Chapter 4, when an ester bond was created in 
TiO2 by treating with DCC and DMAP in the dye solution in dichloromethane, the injection 
dynamics were among the fastest, but the PCE value and stability were less for the devices. 
The baseline level correlated best with the PCE value, where a lower baseline equated to 
higher efficiency.    
 
7.5 Future Directions 
 Traditionally-prepared PAs in a sandwich cell are not stable indefinitely.  In Chapter 
3 it was shown that the PAs prepared with covalently-attached dye can be expected 
to have better stability in sealed sandwich cells since degradation by UV, heat, acid, 
and water may play a role for traditional PAs.  The approach developed in this study 
for attaching N719 dye covalently through APTES allows for air storable PAs, which 
can provide added convenience and lower cost when considering the bulk-scale 
production of DSSCs.  In the future, a detailed understanding of the reason for the 
added stability observed in covalently-attached PAs can be performed to improve 
the efficiency of the covalently modified PAs further.  In addition, APTES is a 
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common linker, but cannot always make a full monolayer coverage on TiO2. Future 
research will be oriented to look for new modifiers and apply them to semiconductor 
and quantum dot particles to explore other materials for energy related research. 
  Modification of the covalently-attached photoanodes, for instance, with Au 
nanoparticles, can further improve the performance of DSSCs, which will be another 
of subject of future work.  Furthermore, surface modification can be a potential 
technique to increase the dye coverage on different architectural nanomaterials such 
as nanowires, nanotubes, and nanosheets. These shapes and sizes are showing 
promising results in charge transfer dynamics, but the dye coverages are currently 
too low.   
 APTES interacts electrostatically with plasmonic Au NPs, attaching them to the 
TiO2. Au NPs can facilitate long-range charge transfer processes in the interfacial 
region from N719 to TiO2. The use of molecular linkers can be conducive to optimize 
device performance due to the improvements in three main aspects: suppression of 
back reaction from back contact (FTO), reduction in recombination of electrons in 
TiO2 to electrolyte, and increasing driving force by increasing the Fermi-level of 
electrons in TiO2. An alkyl chain of APTES with Au NPs can provide a one-way 
channel for electron transfer (ET) from excited dye to the TiO2 and back contact 
(FTO), but block backward recombination. Additionally, APTES can react with 
TiO2 and exposed parts of FTO. Therefore, ET from FTO to electrolyte can be 
inhibited, which is clearly observed in the increase in the open-circuit photovoltage 
(Voc). Without Au NPs, FTO/TiO2/APTES/Dye PAs have a current lower than that 
of the conventional PAs.  Attaching Au NPs onto APTES increases the current and 
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improves the efficiency of DSSCs because they can improve light harvesting 
capacity due to their plasmonic nature, increase dye-loading on devices, and make 
all dye molecules contribute to the injection dynamics. This research can be extended 
to other dyes which can combine strongly Au NPs, in order to replace Ru-complexes, 
since it is a rare earth metal. However, Au is corrosive to I¯/I3
¯; therefore, an alternate 
electrolyte inert to Au NPs could be an interest of research in the future. Different 
shapes and sizes of Au or Ag NPs that can be linked chemically to TiO2 or other 
semiconductor oxides could also be explored and applied to DSSCs. 
 The combination of micro- and nano- particles in a composite film can lead to an 
important material for energy production. The size and shape of Nd2O3 in the study 
of DSSCs has not been fully explored, but should change the physical and chemical 
properties of the material and find use in energy applications, and water-splitting 
processes to produce H2 as a fuel. The surface property, such as porosity as a function 
of the size of Nd2O3 will be characterized in the future. 
 Since Nd-doped samples facilitate the charge transport in the photoanode region, the 
combination of Nd2O3 with TiO2 can also be a good substrate for perovskite based 
solar cells, a recently emerging technology in the energy field. 
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APPENDIX-1 LIST OF ABBREVIATIONS 
 
 
AC   = Alternating current 
ACN  = Acetonitrile 
AES  = Auger electron spectroscopy 
AFM  = Atomic Force Microscopy 
APhS  = p-Aminophenyltrimethoxysilane 
APTES = 3-Aminopropyltriethoxysilane 
ATR-FTIR = Attenuated total reflectance Fourier transform infrared spectroscopy 
Au NPs = Gold nanoparticles 
BA  = Benzoic acid 
CB  = Conduction band 
CE  = Counter electrode 
CN  = Carbon-nitrogen 
DCC  = N’N-Dicyclohexylcarbodiimide 
DCM  = Dichloromethane 
DMAP  = 4-Dimethylaminopyridine 
DRS  = Diffuse reflectance spectroscopy 
DSSC  = Dye-sensitized solar cell 
EIS  = Electrochemical impedance spectroscopy 
ESA  = Excited-state absorption 
ET  = Electron transfer 
FTO  = Fluorine doped tin-oxide 
GSB  = Ground state bleaching 
HOMO = Highest occupied molecular orbital 
IPCE  = Incident photon-to-current-conversion efficiency 
ITO  = Indium tin-oxide 
LUMO = Lowest unoccupied molecular orbital 
NCS  = Thiocyanate 
NPs  = Nanoparticles 
OD  = Optical Density 
PA   = Photoanode 
PCE  = Power conversion efficiency 
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Pt  = Platinum 
SEM  = Scanning electron microscopy 
TAAPS = Transient absorption pump-probe spectroscopy 
UTAS  = Ultrafast transient absorption spectroscopy 
UV-vis = Ultraviolet visible spectroscopy 
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